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CHAPTER 1
INTRODUCTION

The ΛCDM model is currently the accepted galaxy formation and evolution model. It is a
parameterization of the Big Bang model that is most consistent with observations, invoking
inflation and Big Bang nucleosynthesis (BBN) to form a flat and expanding universe that
is composed entirely of dark energy (68%), dark matter (27%), and baryonic matter (5%)
(Planck Collaboration et al. 2014). This model predicts the existence of 1) a cosmological
constant, Λ, 2) a cosmic microwave background (CMB) left over from the early stages of the
universe when photons and baryons decoupled, 3) a ρ ∼ r−a (where a & dark matter density
halo distribution (Moore 1994; Navarro et al. 1996b, 1997; Ghigna et al. 2000), and 4) ∼ 70%
Hydrogen and ∼ 24% Helium abundances, by mass. Measurements of Λ (Riess et al. 1998;
Perlmutter et al. 1999; Kowalski et al. 2008), of the CMB (Boggess et al. 1992; Jarosik et al.
2011; Planck Collaboration et al. 2016), and of Hydrogen/Helium abundances (Steigman
2007; Iocco et al. 2009), as predicted by BBN, have observationally verified predictions with
great confidence.
Dark matter plays a central role in the context of this model, yet little is known about its
composition; it does not emit any electromagnetic radiation and only interacts gravitationally
with normal matter. Its existence is inferred from indirect observations; the rotation curves
of spiral galaxies are a prime example (Rubin et al. 1980).
ΛCDM models place cold dark matter at the root of galaxy formation, providing the
gravity necessary in binding baryonic matter to form and maintain large scale structure in
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an expanding universe. Independent of their morphology, galaxies appear to contain a dark
matter halo component that envelopes the bulge/disk and extends well beyond the visible
edges of the galaxy. The formation and evolution of galaxies is thought to take place inside
of these cold dark matter halos.
Dark matter halos, in the context of ΛCDM, form over-densities that are frozen out after
photons decouple from baryons and dark matter, making the universe transparent (Bull et al.
2015). As clumps of dark matter grow, they gravitationally attract more baryons increasing
the density and slowing down the expansion of these regions relative to the expansion of
the background universe. These regions will continue to grow until densities become high
enough for both baryonic and dark matter to undergo gravitational collapse, producing
gravitationally bound dark matter halos. Small halos will form from over-densities on the
smallest of scales while larger halos will form from the merging of small halos. Baryons inside
the halo collide and dissipate heat causing them to sink towards the center where they will
form stars, while the dark matter continues to orbit in the halo. The dark matter halo is in a
near-equilibrium state supported against its own self-gravity by the motions of the particles
inside the halo.
ΛCDM models yield predictions about the density distribution of these dark matter
halos. The models suggest that the dark matter density distribution in all galaxy halos
sharply increases towards the center of galaxies producing what is known as a “cuspy”
profile (Moore 1994; Navarro et al. 1996b, 1997; Ghigna et al. 2000).
Deriving a cohesive account that accurately details the initial stages of formation and
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the process that leads to the large scale structures present in the universe, requires a joint
effort between observation and theory. Comparing numerical simulation predictions to results obtained from observational data places constraints on the conditions used to develop
structure in these simulations.
ΛCDM simulations fail to produce dark matter density profiles that fit the observed halo
density profiles of some galaxies, implying that either our understanding of dark matter is
incorrect or, assuming ΛCDM models are indeed accurate, that there are mechanisms that
alter the density distribution in the halos of certain galaxies.
In particular, observations of low surface brightness (LSB) dwarf galaxies show a flattened
dark matter halo density distribution towards the nucleus of the galaxy known as a “cored
profile” (Kuzio de Naray et al. 2006, 2008; Oh et al. 2011) rather than a cuspy one. Figure
1.1 presents an example of this. Observed rotation curves for two LSBs, UGC 1281 and
F568-3, are fit with NFW (cuspy) profiles and with pseudoisothermal (cored) profiles. The
pseudoisothermal profile provides better fits to both rotation curves.
Low surface brightness galaxies comprise a full range of galaxy types, from irregulars to
disks (many are spiraled/barred disks) and encompass a range of masses, sizes and luminosities. What all LSBs have in common, however, is their dark matter content; they are dark
matter dominated down to their cores, making them ideal dark matter laboratories. That
their halos and those seen in simulations do not match is quite problematic.
Mechanisms that can alter the central dark matter density, such as supernova feedback,
are therefore invoked to bridge the gap between observations and model predictions (Mo
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Figure 1.1 LSB Rotation Curves
Rotation curve plots were obtained from Kuzio de Naray et al. (2008). The red line represents
pseudoisothermal fits (cored profiles) and the dashed lines represent NFW fits (cuspy profiles)
to the rotation curves of UGC 1281 and F568-3. Pseudoisothermal profiles provide better
fits to the observed data.
& Mao 2004; Mashchenko et al. 2008; Governato et al. 2010). From this perspective, LSB
dwarf galaxies are of particular interest because of their active star formation and weak
central potential well.
In the scheme of supernova feedback, LSB galaxies undergo several bursts of star formation. Once stars reach the end stage of their lives, they will go supernova, producing
winds that expel baryonic mass from the system. This mass loss causes the central potential
of the galaxy system/halo to fluctuate with time, transferring energy to the dark matter
particles in the halo. The heat transfer causes the dark matter to disperse and flatten the
cusp over time (Navarro et al. 1996a; Pontzen & Governato 2012). LSB dwarf galaxies have
weak central potential wells as a result of their low mass, making this effect, if true, more
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probable in these galaxies.
It is necessary to observationally obtain the dark matter halo density distribution of
these type of galaxies and compare them with density distributions predicted by models that
incorporate supernova feedback. Surface brightness profiles and rotation curves are needed
to observationally isolate the dark matter component of a dwarf galaxy and determine its
density distribution.
This thesis focuses on a small sample of four nearby, low mass, rotating, gas-rich, LSB
disk dwarf galaxies: D500-4, D575-7, D631-7, and D723-5. Broadband imaging and integral
field spectroscopy are used to derive surface brightness profiles and rotation curves for these
for 4 LSBs. The goals of this thesis are to
1. characterize the photometric and kinematic properties of these galaxies,
2. determine whether they are good candidates for dark matter halo studies,
3. make our derived surface brightness profiles and rotation curves available for future
dark matter studies.
These data and results are crucial for making progress in understanding the nature and
composition of dark matter.
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CHAPTER 2
PHOTOMETRIC AND SPECTROSCOPIC DATA

2.1 Galaxy Sample

LSB is an umbrella term that represents an array of galaxies varying in size, mass, and
brightness, including ultra low mass, and very faint disk dwarf galaxies. What ties them
together is their dim, diffuse nature and dark matter content. LSBs have surface brightnesses
that are at or below that of the background sky making them difficult to detect. Specifically,
they are best parameterized by a B -band central surface brightness of 23 mag arcsec−2 or
fainter (McGaugh & Bothun 1994), and like high surface brightness galaxies, have light
distributions that fall off exponentially. Rotation curves also show that they are dark matter
dominated down to small radii (Martimbeau et al. 1994; de Blok & McGaugh 1997).
To study the possible effects of supernova feedback on the density distribution of dark
matter halos, rotation curves and surface brightness profiles of gas-rich, low mass, rotating,
dark matter dominated galaxies are needed, making LSBs perfect test subjects.
For this thesis, we therefore assembled a sample of 8 LSB dwarf galaxies from the
Schombert et al. (1997) LSB catalogue: D500-4, D575-1, D575-7, D631-7, D640-13, D646-7,
D723-5, and D723-9. These galaxies are diffuse disk galaxies that lack spiral arm structure, a
central bulge, and a bar, making them irregular in morphology. They are low mass (HI mass
of 108 M - 109 M ; Eder & Schombert 2000), dark matter dominated galaxies that are actively forming stars, indicated by several HII clumps dispersed across the galaxy. Estimated
optical and spectroscopic properties, listed in Table 2.1, describe a set of galaxies that are
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small in physical size (R25 between 0.4 - 4.4 kpc), have a large range of heliocentric velocities
(240 to 1788 km s−1 ), and have central surface brightnesses that are typical for low mass
disk dwarf galaxies (20.3 - 22.1 mag arcsec−2 in the I -band). Their angular diameters are
large enough to map their velocity fields with good spatial resolution (see Chapter 3). Most
of the distances provided in Table 2.1 are rough, redshift dependent, estimates; the galaxies
in this sample are not well studied and more reliable distances from redshift independent
methods (such as the Tully-Fisher relationship, cepheid variable measurements, and tip of
the red giant branch measurements) have not yet been determined. Distance errors for the
galaxies in our final sample (D500-4, D575-7, D631-7, and D723-5) are discussed in Chapter
5.
Few published photometric and kinematic data are currently available for these galaxies.
V and I band surface brightness profiles, along with other optical properties, of all 8 galaxies
are available in Pildis et al. (1997) and Schombert et al. (2011). While several studies have
published rotation curves for numerous LSB galaxies (e.g., McGaugh et al. 2001; Kuzio de
Naray et al. 2006, 2008), kinematic data for LSB dwarfs are lacking. Only one of the galaxies
in the sample, D631-7, has published rotation curves (McGaugh et al. 2001; Trachternach
et al. 2009). This thesis aims to provide a complete set of optical profiles and Hα rotation
curves to fill in this gap. Though V and I band brightness profiles are already available for
these galaxies, we derive our own to verify that the same brightness distribution is observed
for each galaxy.
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Table 2.1 Optical and Spectral Properties of the Sample
RA and Dec are in units of hh:mm:ss and dd:mm:ss, respectively. R25 represents the distance
from the center of the galaxy to the region of the disk where I -band surface brightness drops
to 25 mag arcsec−2 . R25 and µ0,I values were obtained from Pildis et al. (1997). D575-1,
D640-13, D646-7, and D723-9 Vhelio values were obtained from Pildis et al. (1997), all other
Vhelio values were derived from our observations (see Chapter 5.2). D575-1, D631-7 and
D646-7 distances were found in Karachentsev et al. (2013), Tully et al. (2013a), and Tully
et al. (2013b), respectively. Distances for all other galaxies were estimated from redshifts
and assume H0 = 73 km/sec/Mpc. A * is placed next to galaxies that were excluded from
the final sample (see Chapter 3).
Galaxy

D500-4
D575-1∗
D575-7
D631-7
D640-13∗
D646-7∗
D723-5
D723-9∗

RA, Dec
(J2000)
10:19:19
12:51:46
12:58:35
07:57:01
10:56:14
12:58:40
14:36:50
14:45:21

22:42:05
21:44:07
17:48:47
14:23:27
12:00:41
14:13:03
11:34:37
07:51:57

Distance
(Mpc)

Method

21.4
5.50
13.7
7.87
13.5
2.18
24.4
23.2

Redshift
Tully-Fisher
Redshift
TRGB
Redshift
Cepheids
Redshift
Redshift

R25
Vhelio
µ0,I
−1
(kpc) (km s ) (mag arcsec−2 )
1.6
0.7
1.3
0.8
1.1
0.4
3.5
4.4

1566
580
1006
335
990
240
1783
1690

20.3
21.8
21.5
21.3
22.1
21.6
21.3
21.6

2.2 Observations

The galaxies in the sample are ideal candidates to observationally test the theory that
supernova feedback alters the dark matter density distribution in galaxy cores. To isolate
the dark matter component of these galaxies, surface brightness profiles and rotation curves
are necessary. Surface brightness profiles provide a means to quantify, isolate, and remove,
the stellar mass contribution to the overall rotation curve of the galaxy and rotation curves
quantify the total mass, baryonic + dark matter, that is present in the galaxy. Optical
broadband imaging is necessary to model the brightness distribution across galaxy disks
and obtain a complete set of BVRI surface brightness profiles. IFU, or Integral Field Unit,
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spectroscopy is needed to map the velocity fields, in Hα emission, that are used to model
the kinematics of each galaxy and obtain rotation curves.
Dr. Kuzio de Naray provided raw, unreduced photometric images of D631-7 and raw,
unreduced spectroscopic data for all 8 galaxies in the original sample. I reduced all of this
pre-existing photometric and kinematic data. Meaningful velocity fields were unable to be
created for D575-1, D646-7, D640-13, and D723-9 from the acquired spectroscopic data and
they were removed from the original sample as a result (See Section 3.2.3). We therefore did
not obtain follow-up photometric images for these galaxies, however I did obtain photometric
images of D575-7 and D723-5 and reduced these data as well. As discussed in the next section,
we had to rely on archival Sloan data for D500-4. The sections below detail the photometric
and spectroscopic observations conducted on the final 4 LSB dwarf galaxies sample.

2.2.1 Photometry
Optical broadband photometric data were gathered over the course of several years.
BVRI images for D631-7 were collected in 2007 with the Direct Imager on the 2.1 meter
telescope at the Kitt Peak National Observatory, and for D575-7 and D723-5 in 2016 with
the ARCTIC imager on the 3.5 meter telescope at the Apache Point Observatory. The Direct
Imager has a Field of View (FOV) of 100 x 100 and the ARCTIC imager has a FOV of 7.40 x
7.40 . Both of these FOVs are more than large enough to image our galaxies. The pixel scales
for the Direct Imager and ARCTIC are 0.30500 pixel−1 and 0.22800 pixel−1 , respectively.
Under photometric weather conditions, galaxies were exposed for 2 x 600 seconds in the B
and V bands and 2 x 300 seconds in the R and I bands. Small dithers were applied in between
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Table 2.2 Observing Details - Photometry
The Direct Imager and ARCTIC were used to obtain BVRI images for D575-7, D631-7, and
D723-5.
Galaxy

Dates

Telescope

D575-7 2016 MAY 10 APO 3.5m

Camera

ARCTIC

D631-7 2007 MAR 13 KPNO 2.1m Direct Imager

D723-5 2016 MAY 10 APO 3.5m

ARCTIC

Filters Seeing Exp Time
(arcsec)
(s)
B
V
R
I

1.07
0.81
0.96
0.73

2
2
2
2

x
x
x
x

600
600
300
300

B
V
R
I

1.41
1.65
1.13
1.23

2
2
2
2

x
x
x
x

600
600
300
300

B
V
R
I

0.90
0.87
0.80
0.85

2
2
2
2

x
x
x
x

600
600
300
300

galaxy exposures. Standard stars are needed to calibrate the wavelength response of the
instrument and find the appropriate, filter dependent, zero points (see Chapter 3). Galaxy
exposures were therefore followed by short standard star exposures. Calibration frames
(darks, biases, and flats) were obtained either at the beginning or end of each observing run
to remove instrumental noise embedded in the raw images, and two BVRI image sets of each
galaxy were gathered to eliminate cosmic ray detections. Observing details are summarized
in Table 2.2.
Unfortunately, we were unable to observe D500-4. Available pre-reduced griz Sloan
Digital Sky Survey (SDSS) field images were used for brightness measurements of this galaxy.
All SDSS fields are exposed for 53.9 seconds in each filter, producing low count, D500-4
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images. Standard star observations were not necessary; corresponding griz zero points for
the SDSS imager are listed in Stoughton et al. (2002).

2.2.2 Spectroscopy
Spectral observations are used to map the velocity fields of each galaxy. Hα, [NII]λ
6583.39 Å, and [SII]λλ 6716.4, 6730.85 Å emission lines, seen in Figure 2.1, are used to
extract velocity information across the disk of the galaxy. These lines are typically present
in the spectra of disk dwarf galaxies because they are gas rich and, as indicated by numerous
HII regions present in our galaxies, are actively forming stars.
Hα emission occurs after an ionized hydrogen atom recombines with an electron, the
electron is at a higher energy level, n = 3, and transitions down to a lower energy level, n =
2. HII regions are populated with young stars that produce photons with enough energy to
ionize the surrounding hydrogen to produce these transitions.
The presence of [NII]λ 6583.39 Å and [SII]λλ 6716.4, 6730.85 Å lines are correlated with
the strength of Hα emission. Hα is, by far, the strongest of these 4 lines. Strong Hα emission
results in a strong presence of the [SII] lines and a weak presence of the [NII] line, while
weak Hα emission results in very weak to no [NII] and [SII] emission. If Hα emission is not
observed, [NII] and [SII] lines will also not be observed. This can be attributed to heavy
star forming HII regions where atoms are moving fast enough to produce many n = 3 to n
= 2 transitions and collisionally excite heavier atoms.
Spectra of the original 8 galaxies in our sample were collected in 2007 and 2009 with the
SparsePak IFU (Integral Field Unit) on the WIYN 3.5m telescope at Kitt Peak National
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Figure 2.1 Emission Lines
Redshifted Hα, [NII]λ 6583.39 Å, [SII]λλ 6716.4, 6730.85 Å emission lines observed in one
of the D723-5 spectra. Flux is scaled relative to the Hα line.
Observatory. IFUs, or Integral Field Units, are used to obtain spatially resolved spectra of
an extended source by dividing the 2D spatial plane into a continuous array of fibers that
acquire spectra simultaneously.
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SparsePak, seen in Figure 2.2, is a fiber optic bundle with 82 individual, 500 diameter,
fibers. 75 of those fibers form a sparsely packed, 7200 x 7100 , grid with a more closely packed
diamond shape of fibers at the center. 7 sky fibers, located at the top and right hand side
of the square grid, are placed 2500 from the 75 fiber grid. The square 82 fiber array is fixed,
keeping the same shape throughout all observations.
The bundle is placed on the focal plane of the telescope to transport galaxy light down
to a Bench Spectrograph, where the 82 fibers are rearranged into a long slit before they are
fed into the spectrograph. Each fiber produces a spectrum of the region it is placed over.
To center on the Hα emission line, an echelle grating of 316 at 63.4 used in 8th order and a
spectral resolution of ∼ 10,000 were selected.
To align the instrument and target, the fiber bundle is rotated to the estimated position
angle of the galaxy semi-major axis. With the exception of D631-7, the galaxies in the
sample are small enough to mostly fit into the central diamond of the grid, leaving the outer
portions of the disk un-sampled. The tightly packed central diamond is surrounded by fibers
that are sparsely located throughout the grid, producing gaps between active fibers. A single
pointing therefore does not place enough fibers over the entire galaxy to sample velocities
across the entire disk (outer edges of the disk are only sparsely sampled). To fill in these gaps
and obtain spatially resolved data across the disk, a maximum of 3 pointings are needed to
map velocity fields (we use 6 pointings for D631-7). The first pointing places the central fiber
of the grid at the center of the galaxy. The second pointing, dithered in RA and Dec from
the first pointing, and the third pointing, dithered in RA and Dec from the second pointing,
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produce spectra for multiple regions of the disk. Galaxies are exposed 1800 seconds per
pointing. Each pointing produces a maximum of 82 spectra and most fibers placed over the
galaxy provide the Hα emission needed to map velocities.
Calibration spectra are needed to assign the appropriate wavelengths to galaxy spectra.
Applying the same rotation angle used for the galaxy, the fiber bundle is pointed at a ThAr
lamp before the first pointing and after the last pointing of a galaxy. The ThAr lamp is
exposed for 30 seconds per pointing.
Spectroscopic observing details are summarized in Table 2.3 and a more in-depth look at
the instrument is found in Bershady et al. (2004).
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Figure 2.2 SparsePak Fiber Schematics
The SparsePak grid, composed of 82 active fibers, has an integral diamond-shaped core.
7 fibers, placed at the top and right of the main square, are for measuring sky. Each 500
diameter fiber obtains a spectrum of the galaxy region it is placed over. The top right hand
figure is an image of the SparsePak head in its assembled head mount. Back-illumination
shows the 82 active fibers. The schematics and head mount image of the fiber grid were both
obtained from Bershady et al. (2004).
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Table 2.3 Observing Details - Spectra
All spectra were gathered using the SparsePak IFU on the WIYN Telescope. The number
of pointings indicate the number of fiber array dithers on each galaxy. Rotation angle,
measured from North to East, describes the position angle of the fiber bundle during the
observation of each galaxy. As a result of its larger angular diameter, two array subfills, one
centered around -38◦ and the other centered around 0◦ , were used to map velocities across
D631-7.
Galaxy

Dates

Pointings Rotation Angle
(◦ )

D500-4 2009 FEB 19

3

108

D575-1 2007 APR 10

3

0

D575-7 2009 MAY 17

3

38

D631-7 2009 FEB 18
2007 APR 10

3
3

-38
0

D640-13 2009 MAY 15
2009 MAY 16

1
2

-45
-45

D646-7 2009 MAY 17

1

37

D723-5 2009 FEB 18
2009 FEB 19

2
1

10
10

D723-9 2009 MAY 16

3

-41
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CHAPTER 3
DATA REDUCTION AND MEASUREMENTS

To extract the photometric and kinematic information needed for surface brightness profiles and rotation curves, instrumental noise affecting brightness measurements and spectral
line measurements need to be corrected for and the instrumental calibrations necessary in
getting images and spectra ready for analysis, need to be determined. This means reducing
our data by bias subtracting, flat fielding, and dark correcting galaxy images and spectra, and preparing our data for analysis by finding BVRI zero points to extract brightness
measurements for the photometric data, and doing wavelength calibration and line center
measurements for the spectroscopic data. Several IRAF packages were used to complete this
data reduction. The sections below describe the correction process for both the photometric
and spectroscopic data.

3.1 Photometric Data

As described in Chapter 2, BVRI images of D575-7 and D723-5 were obtained with the
ARCTIC imager and of D631-7 with the Direct Imager. D500-4 griz images were acquired
from the SDSS Science Archive Server (SAS)1 . Because SAS provides access to reduced, sky
subtracted images that have RA and Dec maps already applied to them, only flux conversions
were necessary to prepare them for analysis. Flux in these images is expressed in units of
nanomaggies (nMgy), where 1 nMgy is 3.631x10−6 Jy. The image header provides a filter
dependent conversion factor that is used to transform nanomaggies to counts. ARCTIC
1

http://dr12.sdss3.org/fields
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and Direct Imager data, however, were not pre-processed making it necessary to overscan
correct, bias subtract, dark correct, and flat field the D575-7, D631-7, and D723-5 images
with IRAF’s CCDPROC routine.
3.1.1 General Reduction Process
Excess charge, produced by the CCD imaging instruments themselves, contaminate the
raw images. To remove these artifacts from science frames, all images must undergo several
reduction processes, each targeting a different artifact. The data reduction procedure begins
with the overscan subtraction and is followed by bias subtraction, dark correction, and image
flat fielding. The final reduction step involves combining science frame images to eliminate
detected cosmic rays and bad pixels in the CCD.
All images contain an overscan section composed of non-physical, dummy pixels that
solely record the bias signal produced after each exposure. These regions are used to determine an average bias signal, per image, that is then subtracted from the image itself to
remove the bias level. Serving no other purpose, the overscan region is trimmed from each
image.
A bias, or the pixel to pixel structure embedded in the read noise, is left behind once the
overscan value is subtracted. 10 (or more) bias frames, obtained from zero second exposures
with the shutter closed, once overscan corrected, are combined to form a master bias frame.
The master bias frame is subtracted from science and calibration frames to remove the CCD
structure.
Temperature affects the performance of CDD cameras. Motions of atoms in the CCD
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material, as a result of elevated temperatures, deposit charge in the pixels, introducing
thermal noise, or dark current. Most CCD cameras are cooled to minimize the dark current.
The buildup of this dark current is time dependent, requiring thermal noise calibration
frames (dark frames), taken with the shutter closed, to be exposed for the same amount of
time as science frames. Dark frames are subtracted from the corresponding data images to
remove thermal noise.
The next reduction step is to flat field images that have been overscan, bias, and dark
corrected. Flat fielding removes variations in sensitivity that result from telescope optics,
dust on the CCD, or varying pixel quantum efficiencies. Flats are obtained by imaging a
source of even illumination (dome lights or twilight sky) with all filters used during observations. 5 calibration flats, per filter, are combined to create separate BVRI master flats that
are applied to science frames to remove sensitivity variations across the CCD chip.
As discussed in Chapter 2, two sets of BVRI images were obtained for each galaxy in
the sample to remove pixel variations resulting from cosmic rays and to correct bad pixels.
To this end, the last step of the data reduction process requires using IRAF’s IMCOMBINE
task to combine individual science frames, without any additional steps, if the RA and Dec
coordinates applied to each image by the instrument correctly map to x,y pixels.

3.1.2 Special Reduction Steps for ARCTIC Data
The data reduction method described above was applied without major issues to images
obtained with the Direct Imager. ARCTIC, APO’s new imager, replaced SPICAM in 2016
and was available for use in trial mode. Imaging D575-7 and D723-5 in trial mode led to
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several data reduction issues that needed to be addressed before images could be properly
reduced.
ARCTIC images taken prior to its most recent August 2016 update were embedded, from
top to bottom, with a 20 count gradient. The only images devoid of this gradient were 9
out of the 10 bias frames obtained for calibration. The presence of the gradient in the first
bias frame, in all dark and flat calibration frames, and in all science frames indicated that
when ARCTIC was allowed to expose for more than a couple seconds, or allowed to rest in
between exposures, it built up a charge gradient. Constant zero second exposures flushed
the gradient away and prevented it from building back up. Removing this gradient from all
calibration and science frames necessitated a data reduction process that included a master
gradient bias frame, created from combined bias frames that were individually obtained after
letting the imager sit for a couple of seconds before exposing again.
Several issues were also encountered with the flat fielding process for D575-7 and D723-5
images. Dome flats, an alternative to twilight sky flats, eliminate inhomogeneities that arise
from detector and optic inconsistencies but, unlike sky flats, require no sky time, making
them easier to acquire. Reducing images with dome flats did little to remove inconsistencies
in the corners of the images. Applying sky flats, from a different night, produced smoother
science frames. Reducing ARCTIC images taken prior to August 2016 requires sky flats.
Once bias subtracted, flat fielded and dark corrected, all reduced I -band images have a
lingering, very low (∼10) count, fringe pattern. Raw I -band galaxy and I -band sky flats
averaged ∼9,000 and ∼20,000 counts, respectively. The fringe pattern, while visible in the
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raw I -band galaxy images, is almost completely indistinguishable from the background in the
raw I -band flats. In obtaining standard count sky flats, the fringe pattern was inadvertently
washed out, blending the pattern in with the background and making the flats ineffective
at canceling out the pattern in all I -band images. The APO staff provided I -band fringed
dome flats that were obtained with Neon and Argon lamps, but when applied to the images,
these flats did little to improve the fringing. Luckily the fringing is low, less than 3%, and,
as we will see in Chapter 5, does not affect our science results.
Finally, the coordinate map that ARCTIC applies to its images is off by a few arcseconds
in both RA and Dec. Before combining individual exposures of each galaxy, the proper
coordinate map is incorporated into every image. To assign RA and Dec coordinates to the
proper pixel location, 16 field stars, spanning an image’s entire field of view, were selected.
RA and Dec coordinates were obtained with the Aladin Sky Atlas software (Boch & Fernique
2014; Bonnarel et al. 2000) and their corresponding pixel locations were acquired with the
IRAF IMEXAM task. CCMAP, using a list of RA, Dec and pixel position of the 16 field stars,
created a coordinate map for each galaxy image and CCSETWCS applied the map to the image,
enabling individual exposures to be combined.
Once images from both instruments have been properly overscan corrected, bias subtracted, dark corrected, flat fielded, and combined, they are at the same, and final, reduction
stage. The following steps, meant to prepare reduced data for analysis, are applied to both
sets of images.
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3.1.3 Zero Point Determination
The first of these steps is to determine magnitudes for standard stars. Zero points are
needed to transform measured instrumental magnitudes to standard BVRI magnitudes.
Standard stars are useful in determining zero points as a result of their known BVRI magnitudes. The zero point conversion used on standard stars can be applied to galaxy brightness
measurements, allowing their surface brightness distribution to be expressed in terms of
BVRI magnitudes.
The APPHOT task is used to measure the instrumental brightness of the observed Landolt
standards. APPHOT uses two apertures to find the brightness of a star. The inner circular
aperture, selected to match the size of the star, measures the total brightness, star+sky
brightness, of the region it encloses. The outer ring, placed a few pixels outside of the star,
is confined to a region of the sky. This ring measures the local sky brightness, providing the
sky factor needed to isolate the star brightness from the brightness measurement made in the
inner ring. Applying this method to all observed standard stars provides their instrumental
BVRI magnitudes.
Instrumental magnitudes are then converted to actual BVRI magnitudes. The filter
specific zero point of an instrument is given by the following equation
ZP = mL − mi − kx

(3.1)

where mL is the standard Landolt magnitude, mi is the instrumental magnitude of the star
in the same filter, k is the filter dependent constant, and x is the change in airmass of
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Table 3.1 Zero Points
Calculated BVRI zero points for ARCTIC and Direct Imager. Sky conditions vary from
night to night, making these zero points applicable only for the data collected during these
observing runs.
Instrument

ZPB

ZPV

ZPR

ZPI

ARCTIC
Direct Imager

25.283 ± 0.041
23.817 ± 0.036

25.427 ± 0.026
24.016 ± 0.014

25.547 ± 0.016
24.045 ± 0.016

24.670 ± 0.032
23.339 ± 0.020

the star. For each calibration star, standard BVRI magnitudes are obtained from Landolt
(1992), instrumental BVRI magnitudes are measured with APPHOT, and airmass values are
acquired during the observations. ARCTIC k values are not yet available but in general
these coefficients are typically less than 0.5. For reference the k values for the 2.1 m Direct
Imager filters are 0.25, 0.15, 0.10, and 0.07 in the BVRI bands, respectively. Galaxy and
standard stars were observed at the lowest possible airmass, with the smallest difference
in airmass between them. Observations were conducted in half-night sessions, not allowing
us to track the airmass of our standard stars over the entire night to get proper color and
airmass corrections. By having the smallest difference in airmass between our galaxy and
standard stars we minimize the airmass correction as much as possible. Limited standard
star observations exclude the color term in Equation 3.1. Zero point calculations therefore
boil down to the difference between standard and instrumental magnitudes.
The measured BVRI magnitudes of all standard stars are used to independently calculate
BVRI zero points. This means that because every star contributes BVRI zero points,
multiple zero points are calculated for every filter. The average and standard deviation of
these values are used to find the zero point and corresponding zero point uncertainty for each
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filter. Table 3.1 lists the BVRI zero points obtained for ARCTIC and the Direct Imager.

3.1.4 Image Preparation for DiskFit
Two more steps are necessary in order to complete the image preparation for analysis.
First, combined galaxy images need to be sky subtracted before they can be used to get
surface brightness profiles. Galaxies, typically less than 10 in diameter, are located at the
center of images and, in comparison to their small size, are surrounded by a large, 7.40 x 7.40
field of view if imaged with ARCTIC and by a large 100 x 100 field of view if imaged with the
Direct Imager. Despite producing smoother and more consistent reduced data, applying sky
flats to ARCTIC images does not fully remove brightness inconsistencies across the entire
CCD, particularly in the corners (ARCTIC was used in trial mode. See Section 3.1.2). To
prevent these inconsistencies from interfering with sky measurements, and to remove excess
background, images are cropped down to a size of ∼ 30 x 30 , leaving enough room for galaxyfree sky measurements to be carried out with IRAF’s IMEXAM task. 30, 5 pix x 5 pix, regions
are used to measure local average sky and sky uncertainty values. These regions form a grid
that avoids star and galaxy light and spans the entire cropped image. Measured sky values
across the image do not indicate the presence of a sky gradient, enabling the removal of a
constant sky value to eliminate the sky brightness from all images. All 30 local sky values
and uncertainties are averaged to calculate the overall sky level that needs to be subtracted
from the image.
Lastly, stars, background galaxies, and other bright background objects are masked out
of each image to prevent them from contaminating galaxy light. The IRAF IMEDIT task is
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used to apply circular masks large enough to completely block out the light of the objects
they are placed over. Dwarf galaxies are so diffuse that often times background objects are
visible through the galaxy. For example, in Figure 3.1, where we show combined BVR and
gri galaxy images, a bright background galaxy is seen through D500-4 and a foreground star
is aligned with D631-7. In these instances, the mask is placed over the galaxy to remove
light from the undesired object. Fortunately, the amount of galaxy light that is removed in
blocking out these foreground and background objects is not significant enough to affect our
results.
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Figure 3.1 Galaxy Color Images
Reduced and sky subtracted galaxy color images: The D500-4 image is an SDSS gri composite, D575-7, D631-7, and D723-5 images are BVR composites taken with ARCTIC and
the Direct Imager. In each image, North is up and East is to the left. A bar in each panel
indicates the size of 1 arcmin.
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3.2 Spectroscopic Data

Spectra obtained with the SparsePak IFU are reduced following the photometric image
reduction process described in Section 3.1, along with an additional wavelength calibration
step. CCDPROC is used to remove bias level (overscan correction), remove bias structures across
the CCD (bias subtraction), and remove sensitivity inconsistencies (flat fielding), embedded
in all images. Dark frames are not necessary for the IFU CCD component because it is kept
cold enough during observations to prevent thermal noise from building up.

3.2.1 Wavelength Calibration
Wavelength calibration, the final reduction step for galaxy spectra, is meant to link pixel
position to wavelength. Obtaining spectra of a light source with known emission lines is
needed to identify observed light source lines and map wavelength to the corresponding
pixel position for all spectra.
The overlapping spectral ranges of ThAr emission and Hα, [NII]λ 6583.39 Å, and [SII]λλ
6716.4, 6730.85 Å galaxy emission, make ThAr lamps suitable for galaxy spectra wavelength
calibration. As described in Chapter 2, calibration spectra were obtained by placing the fiber
bundle at the same rotation angle used to observe the galaxy and pointing it at a ThAr lamp.
Spectra obtained before the first and after the last exposure of a galaxy were combined to
form a single ThAr spectrum for each galaxy. Using the IRAF DOHYDRA routine along with
a standard ThAr spectrum for reference, wavelengths were manually assigned to identified
ThAr lamp emission lines. These lines allowed IRAF to interpolate a wavelength range for
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the ThAr and galaxy spectra. Reduced and wavelength calibrated spectra were combined
with IRAF’s SCOMBINE task.
Sky lines caused by the Earth’s atmosphere are present in the observed spectra of these
galaxies. The reduction process typically involves removing these lines to isolate galaxy
spectra but instead sky lines were kept as a secondary form of wavelength calibration and
will be described below.

3.2.2 Measurement of Galaxy Emission Lines
As described in Chapter 2, to obtain spectra for as much of the galaxy as possible, three
pointings of SparsePak were applied to D500-4, D575-7, D723-5 and six pointings to D631-7.
A total of 246 spectra per galaxy were thus gathered for D500-4, D575-7, D723-5 and 492
spectra for D631-7. For most of the galaxies in the sample, fibers in the central diamond
produce spectra with Hα emission. The SPLOT task is used to search all fibers, by eye, for Hα,
[NII]λ 6583.39 Å, and [SII]λλ 6716.4, 6730.85 Å emission if Hα emission is strong. Gaussian
fits are applied to these lines to find their centers. Sky lines near Hα, [NII]λ 6583.39 Å, and
[SII]λλ 6716.4, 6730.85 Å are also fit with Gaussians. Comparing measured sky line centers
with their known line centers provides an additional wavelength correction for measured lines
that lie close to the measured sky lines and also reduces the scatter in the eventual velocity
measurements for each fiber.
The next step is to turn these measured wavelengths into velocities. To do so, I created
an IDL program that uses the measured Hα, [NII]λ 6583.39 Å, and [SII]λλ 6716.4, 6730.85
Å line centers to generate an output file with velocity map information for each galaxy.
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The code is comprised of two sections, one that calculates the position of the fibers at each
pointing relative to the initial central pointing, and the other that does additional wavelength
calibration using the sky lines and that calculates and assigns observed line of sight velocities
to each fiber.
The SparsePak fiber bundle has pre-assigned numbers for each fiber (see Figure 2.2).
Fiber 52, located at the center of the integral core, marks the origin of the fiber grid. The
position of all other fibers are defined as RA and Dec offsets from the central fiber. For the
first pointing, the SparsePak grid is rotated to match the position angle of the galaxy. Small
RA and Dec shifts are applied to the first on-sky pointing to get the second on-sky pointing
and to the second on-sky pointing to get the third on-sky pointing. The code mimics this
pattern; it employs a simple 2 x 2 rotation matrix to find the rotated RA and Dec fiber
offsets for the first pointing and applies the small RA and Dec shifts to the rotated offsets to
get the second pointing offsets and to the second pointing offsets to get the third pointing
offsets.
The second part of the code does additional wavelength calibration by comparing the
OH 6834.22 Å and OH 6577.28 Å sky line centers from Osterbrock et al. (1996) with the
corresponding line centers measured in the galaxy spectra. The difference between the
Osterbrock et al. (1996) and observed lines provides an additional correction factor that is
applied to the measured Hα, [NII]λ 6583.3 Å and [SII]λλ 6716.4, 6730.85 Å line centers. The
following equation
VLOS = c

λo − λl
λl

(3.2)
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where c is the speed of light, λo is the observed wavelength and λl is the rest wavelength of
the observed line, is then used to calculate line-of-sight velocities from the calibrated lines
centers.
Observed line-of-sight velocities are influenced by the Earth’s rotation, the motion of the
Earth’s center about the Earth-Moon barycenter, the motion of the Earth-Moon barycenter
about the center of the Sun, and the motion of the Sun relative to the standard of rest.
IRAF’s RVCORRECT task is used to find the radial velocity correction that removes these
motions from the observations. The correction factor depends on the date, time, RA Dec
position of the galaxy, and observing site location. A different correction factor is therefore
applied to the velocities obtained for each pointing.
The code keeps track of the fibers that have Hα emission. In the case that a fiber also
has [NII] and/or [SII] emission and multiple velocities, the averaged velocity is assigned to
it. Fiber errors are determined by calculating the largest difference between the average
velocity of a fiber and the individual emission line velocities derived for that fiber. The
typical average velocity error is ∼ 5 km s−1 and an error of 10 km s−1 is assumed for fibers
with Hα emission only.

3.2.3 Observed Velocity Fields
In Figures 3.2 and 3.3 we show the observed velocity maps for D500-4, D575-7, D631-7,
and D723-5 that were produced using a modified version of the IDL code obtained from
http://www.astro.wisc.edu/∼mab/research/densepak/DP/dpidl.html. A lack of clear rotation, and in some instances insufficient data, resulted in inconclusive 2D velocity maps that
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eliminated half of the galaxies in the preliminary sample (see Appendix A for the velocity
fields of D575-1, D640-13, D646-7, and D723-9), reducing the final sample to 4 galaxies.
Velocity fields for D500-4 and D575-7, as a result of their smaller angular diameters,
were mapped, on average, by 34, mostly core, fibers. Of those 34, ∼ 7 detected Hα emission
only and ∼ 13 detected all four Hα, [NII], and [SII] lines. Velocities for D723-5, a slightly
larger galaxy, were mapped with 56 central diamond fibers. Of those 56 fibers, 9 detected
Hα emission only and 11 detected Hα, [NII], and [SII] emission. Velocities across the D631-7
disk, as a result of the galaxy’s larger angular diameter, were mapped with 200 fibers. Of
those 200 fibers, 95 detected Hα emission only and 20 exhibited all four Hα, [NII], and [SII],
emission lines. Typical line of sight velocity errors for these four galaxies range from 4-6 km
s−1 .
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Figure 3.2 D500-4 and D575-7 Velocity Fields
Observed SparsePak velocity maps and errors for D500-4 and D575-7. Orange fibers in the
error map indicate that those velocities were obtained from Hα emission only and a 10 km
s−1 error was therefore assumed.
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Figure 3.3 D631-7 and D723-5 Velocity Fields
Observed SparsePak velocity fields and errors for D631-7 and D723-5. Orange fibers in the
error map indicate that those velocities were obtained from Hα emission only and a 10 km
s−1 error was therefore assumed.
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CHAPTER 4
DISKFIT

Galaxies have intrinsic shapes that are altered, from the viewpoint of the observer, by
their orientation in space. An observed galaxy is defined in terms of its center, position angle,
and inclination (or ellipticity). The center of the galaxy describes the photometric/rotational
center, the position angle indicates the angular distance between north and the semi-major
axis of the galaxy, and the inclination angle specifies the amount of tilt, from the line of
sight of the observer, the galaxy exhibits. These parameters determine the projected disk
shape in the plane of the sky, and, in turn, influence the observed brightness distributions
and line of sight velocities that are used to solve for the intrinsic photometric and kinematic
properties of the galaxy.
Bars and bulges of varying strengths and sizes are often observed in disk galaxies. These
components reshape the intrinsic brightness distribution and kinematics of a disk galaxy,
making it necessary to decompose the observed brightness and motions of stars/gas into those
individual components to accurately define the photometric and kinematic characteristics of
the disk.
There are many publicly available software packages that can be used to decompose
galaxy structure and derive intrinsic brightness profiles and rotation curves from the observed
brightnesses and motions of stars/gas. What sets these packages apart is their approach
to solving for these photometric and kinematic properties. IRAF’s ellipse task derives
brightness profiles and geometry parameters by fitting, and finding best-fit, isophote ellipses,
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one at a time, across galaxy images (Jedrzejewski 1987). galfit obtains brightness profiles by
fitting ellipsoidal models to galaxy images (Peng et al. 2002). And rotcur derives rotation
curves by fitting tilted rings to observed velocity fields (Begeman 1989). We choose to model
our galaxies with DiskFit; the simple disk assumption it makes, the ability to produce both
photometric and kinematic models, and the applied fitting method make it suitable for the
purpose of this thesis.
DiskFit

1

is a software package that fits both non-axisymmetric and axisymmetric disk

models to galaxy images and observed 2D velocity maps (Barnes & Sellwood 2003; Sellwood
& Sánchez 2010; Spekkens & Sellwood 2007; Reese et al. 2007). The photometric and
kinematic branches are independent from one another and separately fit models to observed
data. Best-fit models are used to obtain surface brightness profiles, rotation curves, and disk
geometries (xc , yc , d , φd , φb ), where (xc , yc ), d , φd φb represent the center, disk ellipticity,
disk position angle (measured from North to East), and the bar position angle of the galaxy.
DiskFit makes the fundamental assumption that all galaxies are composed of thin and
circular disks. This assumption simplifies the distribution and motions of star/gas. Bar and
bulge components can be described, separately, as modifications to the simplified photometric
and kinematic properties of this thin round disk. DiskFit’s approach to constructing these
models depends on the type of data it is fitting models to. The sections below describe this
process for both photometric and kinematic data.
1

The DiskFit code can be downloaded at http://www.physics.rutgers.edu/∼spekkens/diskfit/
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4.1 Photometric Branch

The photometric branch of DiskFit decomposes galaxy light into disk, bar, and bulge
components by fitting Disk-only, Disk+Bar, Disk+Bulge, and Disk+Bar+Bulge models,
when appropriate, to galaxy images. These models determine the brightness profiles of
individual components, enabling one to quantify the contribution of each component to the
brightness profile of the overall galaxy. To do so, DiskFit requires input images that are sky
subtracted and that mask out any field stars or background objects that can skew fits.
The thin round disk assumption is at the root of all photometric models. In this scenario,
stars are distributed around the galactic center, allowing the intrinsic brightness profile of the
disk to be mapped out by circular and coaxial isophote rings. The orientation of the galaxy
in space projects these isophote rings as concentric ellipses, in the plane of the sky, that share
the same position and inclination angles across all radii. The observed galaxy brightness is
sensitive to the parameters that define the projected disk. DiskFit works backwards, using
the projected brightness to deduce the observed disk geometry and the intrinsic surface
brightness profile of the disk.
A simple, Disk-only galaxy abides by this assumption. To construct a Disk-only model,
DiskFit requires the user to designate ring locations, at some distance r, from the galactic
center. Typically the ring size is determined by the seeing (see Chapter 5.1 for details on
how we selected ring sizes). DiskFit creates a non-parametric, intrinsic brightness profile
from the specified rings. These rings are converted to projected ellipses via transformation
equations that are embedded with disk geometry parameters that describe the orientation of
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the galaxy in space (mathematical details are found in Reese et al. 2007). The model profile
is used to interpolate a brightness distribution across the entire disk.
If assumed to be straight, thin, and concentric to the disk, a bar can be described as an
elliptical component that is embedded in a portion of a thin circular disk. In this scenario,
projected barred galaxies are comprised of disk and bar components that exhibit the same
inclination angle but different ellipticities and often times, but not always, different position
angles. This allows DiskFit to model these two components with separate brightness profiles
and solve for their individual on-sky geometries.
To create a barred disk galaxy, DiskFit models the brightness distribution of the disk
and bar as two separate components. The non-parametric brightness profile of the disk is
constructed by using the concentric ring method described above and the non-parametric
brightness profile of the bar is constructed, over a region specified by the user, with nonparameteric and concentric elliptical isophotes. Once the elliptical isophotes have been
projected, a complete Disk+Bar model is created through interpolation. DiskFit identifies a
pixel position relative to the disk and bar isophote ellipses and uses both brightness profiles
to interpolate a value for the position of interest. The projected bar isophotes share the
same ellipticity and position angle across all radii (mathematical details are found in Reese
et al. 2007).
Unlike the bar, the shape of a bulge cannot be described as a thin, elliptical component
confined to the plane of the disk. Located at the center of the galaxy, the bulge is an
ellipsoidal structure comprised of a bright, tightly packed group of central stars. Assuming
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that the bulge is concentric to the disk, and bar (if a bar component is also present), a
bulge component can be included in the fits to generate Disk+Bulge and Disk+Bar+Bulge
models. The brightness distribution of disk and bar components for both are constructed
with the method described above. DiskFit models the bulge separately with a spheroidal
Sérsic model described by

(

"

I (r) = I0 exp −bn

r
re

1/n

#)
−1

(4.1)

(Reese et al. 2007; Graham 2001). In the above equation n is the Sérsic index that determines
the shape of the bulge profile, I 0 is the intensity scale, and r e is the effective radius, or the
radius where half of bulge light is enclosed.
The photometric branch of DiskFit requires an input text file that specifies an initial
disk geometry, fitting preferences, a list of isophote ring sizes, an uncertainty image or a
sky value, and a σsky value, to start the fitting process. In the case that an uncertainty
image is not supplied, DiskFit assumes that instrument statistics determine the uncertainty
of observed intensities and applies
s
σn =

Dn + sky
gain

(4.2)

to find observed brightness uncertainties. Dn is the observed intensity for a pixel, sky is the
sky amount subtracted from the image, and gain is the gain of the instrument used to image
the galaxy.
DiskFit generates a complete model through interpolation and fits the complete model
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to the observed galaxy light all at once to prevent the fit from being influenced by local nonaxisymmetries. It undergoes several iterations of generating models, by adjusting parameters
and brightness profiles, and fitting them to the observed galaxy until it converges on a
set of intensities and disk geometry parameters that produce the lowest χ2 possible. The
minimization techinque used to derive the lowest χ2 is described in Barnes & Sellwood (2003).
Uncertainties for the best-fit intensity and geometry parameter values are found with
bootstraps. This technique involves generating many slightly different realizations of the velocity field that each consist of the best fit model brightnesses and randomly drawn brightnesses. The same minimization technique used to find the best fit model, is applied to
each bootstrap realization. Each best fit bootstrap realization model produces a set of disk
geometry parameters and a brightness profile. Taking into account all best fit bootstrap
realization models, the mean value for each parameter and for each brightness profile value
are found by averaging all the corresponding best fit bootstrap realization parameters and
brightness profile values. The standard deviation about the mean found for each parameter
and each profile value are assigned as the uncertainty to the corresponding best fit model
parameters (Spekkens & Sellwood 2007).
Once a good fit is found, DiskFit outputs a series of model files. A model FITS file of the
galaxy, a model FITS file of each individual component fit to the galaxy, an output parameter
file containing the best fit geometry parameters, brightness profiles, and uncertainties, are
simultaneously produced.

40
4.2 Kinematic Branch

The kinematic branch of DiskFit models both the circular motion of stars/gas in disk
galaxies and the non-circular motions of these elements that arise from radial outflows, bars,
and warps. DiskFit has the ability to generate kinematic models for Disk-only, barred, and
lopsided galaxies. It requires the input of an observed 2D velocity map, either as an image
or a text file, and the corresponding error map, for the fitting process.
All kinematic models are also constructed under the assumption that galaxies are intrinsically thin, round disks. In this scenario, the motion of an individual gas element around
a kinematic center is defined by tangential and radial components. The tangential component describes the circular motion of the gas around the center of the disk and the radial
component describes inflow and outflow motion. Gas elements located at the same distance
from the kinematic center will exhibit similar tangential velocities, allowing for an average
rotational velocity to be specified at that distance from the center. A rotational velocity
profile across the disk can therefore be constructed with a set of isovelocity rings. Tangential and radial motions are obtained from the line-of-sight velocities of the projected galaxy.
Projected isovelocity ellipses share the same position angle and ellipticity across all radii.
Observed line of sight velocities depend on the intrinsic motion of the gas, (if tangential
and radial motions are both present, an observer detects the combined motion of these two
components), on the orientation of the disk in space, and on the systemic velocity of the
galaxy. The line of sight velocity is defined by
Vobs = Vsys + sin i (Vt cos θ + Vr sin θ)

(4.3)
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where Vt is the tangential velocity component of a star or gas element in the plane of the
disk, Vr is the radial component of a star or gas element, that describes inflow and outflow
motion in the plane of the disk, θ defines the angular distance between the major axis of the
galaxy and the location of the star or gas element, i is the inclination angle of the galaxy,
and Vsys is the systemic velocity of the galaxy. DiskFit generates model velocity maps to
disentangle intrinsic disk motions and to define the geometry of the disk.
DiskFit employs Fourier analysis to model the kinematics of disk galaxies. It constructs
model velocity fields with Equation 4.3 expressed as a Fourier series of harmonic order m
(Equation 4.4). The harmonic order describes non-circular flows that arise from specific
perturbations to the circular and radial gas flows of the disk (details found in Spekkens &
Sellwood 2007) motion.
(
Vobs = Vsys + sin i

V̄t cos θ +

∞
X

Vm,t cos θ cos[mθ + θm,t ]

m=1

+V¯r sin θ +

∞
X

)

(4.4)

Vm,r sin θ cos[mθ + θm,r ]

m=1

DiskFit can fit m = 2, m = 1, and m = 0 or bisymmetric (bar), lopsided, and radial
models to observed 2D velocity fields, respectively. Each harmonic order modifies the general
line of sight equation, (Equation 4.4) so that it is representative of specific non-circular flows.
Disk-only galaxies are fit with models where m = 0 (Equation 4.5). The motion of gas
and stars in bar-less and bulge-less galaxies, assuming an intrinsic thin round disk, are best
described by unperturbed circular and radial flows.

Vmodel = Vsys + sin i V̄t cos θ + V̄r sin θ

(4.5)
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Barred disk galaxies are fit with models where m = 2 (Equation 4.6). Gas and stars
found in the disk have different orbital trajectories around the center of the galaxy than gas
and stars residing in the bar. Assuming that the bar is thin, straight and concentric to the
disk, the motions of gas and stars in the bar are best described by elliptical orbits, in contrast
to the circular motion of stars and gas in the disk. Elliptical orbits produce bi-symmetric
velocities; stars that are located inside the bar, at the same distance from the center, and
on opposite sides of the bar will have similar velocities. These motions can be modeled as
perturbations to the circular flows of the disk (V2,t and V2,r terms in Equation 4.6).

Vmodel = Vsys + sin i V̄t cos θ − V2 ,t cos(2 θb ) cos θ − V2 ,r cos(2 θb ) sin θ

(4.6)

Lopsided galaxies are fit with models where m = 1 (Equation 4.7). These galaxies are
intrinsically less circular, with one, or multiple, sides deviating from a circular shape. Noncircular flows are produced as a result of this shape (V1,t and V1,r terms in Equation 4.7).


Vmodel = Vsys + sin i V̄t cos θ − V1 ,t cos(θb ) cos θ − V1 ,r cos(θb ) sin θ

(4.7)

DiskFit gives the user the option to turn on/off the radial component that fits for outflows
and the parameter that fits for warps, in each of the models described above. A Disk-only
galaxy can therefore be fit with either a model constructed solely from circular flows, a model
constructed from both circular flows and radial outflows, a model constructed from noncircular flows that result from warp perturbations to circular flows, or a model constructed
from non-circular flows that result from warp perturbations to both circular flows and radial

43
outflows. The same logic extends to both the bisymmetric and lopsided models.
DiskFit requires geometry input parameters to generate models and initiate the fitting
process. Input parameters are supplied via a text file that, in addition to providing an initial
disk geometry, specifies fitting preferences. The file contains details about the type of model
to fit the observed data with, specifications about holding geometry parameters fixed (if
any), information about fitting for outflows and/or warps, and a list of concentric rings of
varying radii that represent rings in the disk plane that are projected as ellipses on the sky.
Typically the ring size is determined by the spatial resolution of the data (see Section 5.2
for details on how we selected ring sizes for our velocity fields).
The fitting method generates a full model velocity map through interpolation and finds
difference between the observed velocities and the interpolated values. This process will
undergo several iterations as DiskFit applies a minimization technique described in Spekkens
& Sellwood (2007) to find the minimum χ2 and converge on the best fit model. Uncertainties
for the model outputs are obtained through the same bootstrapping technique applied to
find photometric uncertainties.
DiskFit generates several output files for the best fit model. The .mod file contains the
model and model residual velocities assigned to each fiber. The .out file lists the best fit disk
geometry parameters, the uncertainties of those parameters, the velocity profile of the disk,
and the non-circular and radial velocity profiles at the specified rings.
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CHAPTER 5
ANALYSIS

In this chapter, we present the results of modeling our photometric and kinematic data
with DiskFit. As described in Chapter 4, DiskFit can fit any combination of Disk, Bar,
and Bulge components to galaxy images and circular and non-circular flows to galaxy velocity fields. Visual inspection of D500-4, D575-7, D631-7, and D723-5 images in Figure
3.1 and their corresponding velocity fields in Figures 3.2 and 3.3, however, indicate that
the galaxies are bulge-less and bar-less. For completeness, we ran Disk+Bar, Disk+Bulge,
Disk+Bar+Bulge models, but found these to be poor descriptions of the observed data.
Using photometry of D575-7, we show an example in Figure 5.1 that is representative of
these poor fits. The Disk+Bar model fits a bar, indicated by the red ellipse, to several HII
regions on the disk, the Disk+Bulge model identifies the central bright region marked by the
red circle as a bulge, and the Disk+Bar+Bulge model combines these two results. DiskFit is
forced to fit these components and consequently latches on to the brightest regions to model
the bar and bulge. In doing so, these models emphasize the bulge-less, bar-less nature of
these galaxies, validating the choice to fit Disk-only models.
In the sections below, we describe our Disk-only fits to the photometric images and observed velocity fields of each galaxy. We present the morphological and kinematic parameters
in Tables 5.1 and 5.2, surface brightness profiles in Figure 5.2, and model velocity fields and
rotation curves in Figures 5.19 - 5.24.
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(a) V Band Image

(b) Disk+Bar Model

(c) Bar Component

(d) V Band Image

(e) Disk+Bulge Model

(f ) Bulge Component

(g) Disk+Bar+Bulge Model

(h) Bar Component

(i) Bulge Component

Figure 5.1 D575-7 Bar and Bulge Models
Disk+Bar model: (a) D575-7 V -band image that marks the HII regions DiskFit attempts to fit a bar to, (b) best fit Disk + Bar model, (c) Bar component of model in
(b). Disk+Bulge model: (d) D575-7 V -band image that marks the region DiskFit attempts to fit a bulge to, (e) best-fit Disk+Bulge model, (f) Bulge component of model in (e).
Disk+Bulge+Bar Model: (g) Best-fit Disk + Bar + Bulge model, (h) Bar component of
model in (g), (i) Bulge component to model in (g). These poor fits validate the choice to
fit Disk-only models. Color bars are in units of ADU and V -band images are 1.10 x 0.850 in
size.
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5.1 Photometry

We obtain BVRI morphological models and derived surface brightness profiles by fitting
DiskFit photometric models to sky subtracted and masked galaxy images. DiskFit requires
an input text file to begin the fitting process. Initial guesses for the ellipticity, d , position
angle, φd , and center are required, and, in the case that an uncertainty image is not supplied,
the instrument gain, sky and sky uncertainty values are required to determine individual pixel
uncertainties. Input position angle and ellipticity parameters were obtained from Eder &
Schombert (2000) and all other input geometry parameters were estimated with DS9.
The user is also required to include a list of ring sizes in the input file that specify both
the number of concentric (measured from the center of the galaxy) rings that are used to
determine the brightness distribution across the disk and the ring spacing. If 20 rings are
needed to generate the brightness profile of a galaxy, for example, the user will provide a
list of 20 ring radii. If the user desires a ring spacing of 500 , the first ring will be assigned
a radius of 500 , the second ring will be set to a radius of 1000 , the third ring will be assigned
radius of 1500 , and so forth. The ring spacing will determine the number of pixels in each
ring that will be used to calculate its total brightness. The width of the rings does not have
to be constant across the galaxy; inner rings, for instance, can be narrow, while rings in the
outer disk could be much wider. The smallest ring size and ring spacing for our galaxies, is
determined by the seeing on the night they were observed.
DiskFit also requires the desired number of bootstraps for error determination. We run
1000 bootstraps for each model.
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Output intensity profiles describe the brightness of a galaxy at different radii from the
center in units of counts. The brightness distribution across a galaxy is typically described
in units of mag arcsec−2 . DiskFit extracts brightness information from galaxy images that
record this distribution in ADU, or counts, and therefore expresses output profiles in the same
units. Converting the ADU brightness of an extended source to surface brightness requires
filter dependent zero points, values that connect observed counts to a standard photometric
system. To transform counts to surface brightness units the following conversion was applied
to all intensity profiles,

µ = −2.5 log

counts
exp time ∗ (pixel scale)2


+ ZP

(5.1)

where counts describe the intensity of the galaxy at a given radius from the center, exp time
is the exposure time of the image, pixel scale is the pixel scale of the detector, and ZP is the
filter dependent zero point calculated from standard star images (see Chapter 3).
Results are presented in Table 5.1 and Figure 5.2; the scale used to convert arcseconds
to kpc in all surface brightness profile plots was obtained by assuming the distances in Table
2.1. We also compare our results to previously published V and I band surface brightness
profiles from Schombert et al. (2011) and Pildis et al. (1997) that were derived from derived
from 150 seconds V -band exposures and 300 seconds I -band exposures. The sections below
describe the necessary adjustments that were made on a galaxy by galaxy basis to obtain
final geometry parameters and final surface brightness profiles. The discrepancies observed
between published I -band profiles and our profiles for D500-4, D631-7 and D723-5 in Figure
5.2 result from these adjustments and are also discussed in detail in the sections below.
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Table 5.1 Disk-Only Photometric Model Parameters
Derived disk geometry parameters (Position Angle (PA), inclination (i ), photometric center,
and the χ2 of the fit) for galaxies in the sample. PA is measured from North to East and
RA, Dec coordinates are expressed in units of hh:mm:ss and dd:mm:ss. To obtain a good fit
to the D631-7 image, the PA for this galaxy was held fixed (see Section 5.1.3).
Disk-Only Photometric Model Parameters
D500-4
Filter
g
r
i
z

PA
(◦ )
109.04 ± 3.31
109.21 ± 2.40
106.09 ± 2.20
99.24 ± 7.56

i
(◦ )
49.48 ±
51.88 ±
51.35 ±
54.68 ±

2.45
1.81
1.67
4.83

Center
(RA, Dec J2000)
10:19:19.263 ± 0.009 , 22:42:05.48
10:19:19.286 ± 0.010 , 22:42:05.33
10:19:19.278 ± 0.010 , 22:42:05.33
10:19:19.271 ± 0.022 , 22:42:05.42

χ2
±
±
±
±

0.17
0.18
0.18
0.31

1.024
0.953
1.102
1.065

D575-7
Filter
B
V
R
I

PA
(◦ )
34.52 ±
35.61 ±
35.88 ±
32.61 ±

1.84
1.58
1.67
4.42

i
(◦ )
53.67 ±
53.48 ±
53.78 ±
50.18 ±

1.61
1.30
1.38
3.49

Center
(RA, Dec J2000)
12:58:35.921 ± 0.020 , 17:48:47.30
12:58:35.925 ± 0.017 , 17:48:47.54
12:58:35.925 ± 0.017 , 17:48:47.54
12:58:35.973 ± 0.019 , 17:48:48.28

χ2
±
±
±
±

0.34
0.26
0.26
0.32

1.414
1.513
1.077
0.836

D631-7
Filter
B
V
R
I

PA
(◦ )
-27.00
-27.00
-27.00
-27.00

i
(◦ )
58.87 ±
59.52 ±
60.26 ±
58.45 ±

5.10
4.20
3.99
4.01

Center
(RA, Dec J2000)
07:57:02.375 ± 0.085 , 14:23:20.63
07:57:02.349 ± 0.063 , 14:23:20.67
07:57:02.338 ± 0.061 , 14:23:20.56
07:57:02.392 ± 0.060 , 14:23:19.57

χ2
±
±
±
±

1.51
1.20
1.10
1.05

4.124
2.509
1.943
0.853

D723-5
Filter
B
V
R
I

PA
(◦ )
179.00 ±
181.85 ±
183.44 ±
181.84 ±

4.01
3.83
3.95
6.10

i
(◦ )
55.54 ±
52.72 ±
51.49 ±
53.59 ±

3.13
2.81
2.87
4.53

Center
(RA, Dec J2000)
14:36:40.880 ± 0.015 , 11:34:38.40
14:36:40.900 ± 0.020 , 11:34:39.04
14:36:40.900 ± 0.010 , 11:34:39.54
14:36:40.933 ± 0.020 , 11:34:40.02

χ2
±
±
±
±

0.54
0.47
0.50
0.60

1.960
1.862
1.290
0.836
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Figure 5.2 Surface Brightness Profiles
D500-4 griz and D575-7, D631-7, D723-5 BVRI surface brightness profiles. I -band profiles
from Pildis et al. (1997), represented by the open circles, are included for comparison.
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5.1.1 D500-4
D500-4 is well described by the Disk-only model in all four bands; χ2 values presented in
Table 5.1 hover around 1 and model residuals shown in Figure 5.3 are small. Best-fit models
describe a galaxy whose on-sky geometry is characterized by a position angle that ranges from
∼ 99◦ - 109◦ and an inclination angle that ranges from ∼ 49◦ - 55

◦

(see Table 5.1). D500-4

griz surface brightness profiles seen in the upper left panel of Figure 5.2 indicate a galaxy
that is faint and brighter at longer wavelengths. Central surface brightnesses, estimated
to peak at 23.75, 23, 22.75, 22.5 mag arcsec−2 in the griz bands respectively, and surface
brightness profile shapes, suggest a disk component that gradually declines in brightness
near the center and more rapidly towards the edge, dropping by ∼ 4 mag arcsec−2 from
center to edge. The four surface brightness profiles obtained for this galaxy share similar
shapes indicating agreement between models on the brightness distribution of the disk.
Filter dependent best-fit geometry parameters, listed in Table 5.1, describe similar disks.
The z band model produces a noticeably lower position angle (∼99◦ ) but with a large uncertainty that overlaps position angles obtained from gri images (∼109◦ ). Discrepancies
between best fit z band model parameters and best fit gri parameters are attributed to the
faintness of the galaxy in the z band. As is seen in Figure 5.3, D500-4 is so faint in the z
band that it mostly blends with the background making it difficult to determine the shape
of the disk. Sloan exposes for 59.3 seconds in all filters, gathering only a few photons for
this galaxy given its low surface brightness nature. It would require longer exposure times
to accumulate the photons needed to obtain fits more in sync with the other models.
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D500-4 has one published I -band surface brightness profile (Pildis et al. 1997) and it is
plotted against our derived griz surface brightness profiles to solely compare profile shapes
(see Figure 5.2). The I -band profile drops off more quickly in the inner regions of the disk
while the profile shape for the outer portion, because of large data point errors, may have
a slower decline. Additionally, the I -band profile suggests structure in the inner regions of
the disk. The g-band image in Figure 5.3 shows hints of structure, but this structure is not
visible in the other three bands and does not show up in the surface brightness profiles. Poor
spatial resolution and short exposure times could explain the lack of structure the images.
A comparison of the profiles in the outer portion of the disk also suggests that sky level for
D500-4 in each filter may have been underestimated, but the images already have such low
counts that subtracting even more sky would remove galaxy light.
Our D500-4 images do not show a significantly brighter disk center that corresponds to
the large spike in brightness observed in the Pildis et al. (1997) I -band profile (see Figure
5.2). If this increase in brightness were to occur from a transient supernova or AGN event, it
would be visible in the I -band image1 used to derive the (Pildis et al. 1997) I -band surface
brightness profile. Comparison of our griz images to the (Pildis et al. 1997) I -band image,
however, indicate images that are similar; no structure, or large increase in brightness is
observed in either. Based on this similarity, we are unable to propose an explanation for this
discrepancy. Given the resolution and low counts of D500-4 images, the surface brightness
profiles presented in Figure 5.2 provide good fits to the data, but better quality images and
longer exposure times would yield more detailed profiles.
1

Image can be found at http://abyss.uoregon.edu/∼js/dwarfs/d500-4.ps

52

Data

Model

Residuals
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Figure 5.3 D500-4 Disk-Only Photometric Models
First column: Images that DiskFit models are fit to. The mask placed over the disk blocks
light from a bright background galaxy and is ignored during the fitting process. Second
column: Disk-only models. Third column: Residuals of the Disk-only models. Color bars
are in ADU. Data, residual, and model images are 0.900 x 0.800 in size.
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5.1.2 D575-7
D575-7 is more clumpy than D500-4 (see Figure 3.1), but it, too, is well-described in
all four bands by a Disk-only model; χ2 hovers around 1.2 (see Table 5.1) and despite the
large residuals seen in areas populated with HII clumps, residuals are low across the disk
(see Figure 5.4). Large residuals are observed in these star forming regions as a result of
DiskFit’s inability to model brightness fluctuations in the disk that arise from these bright
regions. The pattern observed in the I -band residual images is the fringe pattern discussed
in Chapter 3. Best-fit position angle, inclination, and photometric center parameters, in all
filters, are in agreement with one another, describing a disk that has a position angle that
ranges between ∼32◦ - 36◦ and an inclination angle that ranges between ∼50◦ - 54◦ (see
Table 5.1).
Final D575-7 surface brightness profiles, shown in the top right panel of Figure 5.2,
uncover a galaxy whose optical properties align with those of typical dwarfs. B and I -band
central surface brightnesses peak, as is characteristic of dwarf galaxies, at 23.5 and 22.5 mag
arcsec−2 , respectively, revealing a disk that is brighter at longer wavelengths. Derived BVRI
profiles describe a galaxy that decreases steadily in brightness closer to the galactic center and
more rapidly towards the edges of the disk. All four profiles have similar shapes, indicating an
agreement between best-fit models on the brightness distribution of this galaxy. The I -band
profile from Pildis et al. (1997) (I -P97 profile from here on out) is plotted against our derived
BVRI surface brightness profiles (see Figure 5.2) for comparison purposes. I -P97 overlaps
our surface brightness profiles at all radii, describing a similar brightness distribution across
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the D575-7 disk.
Because LSBs are below the surface brightness of the night sky, proper sky subtraction is
crucial. If the amount of sky subtracted from an image is over or underestimated it can distort
the shape of the profile, especially in the outer, dimmer, regions of the galaxy. Our initial
comparison between I -P97 and the best fit I -band profile from DiskFit suggested that the
amount of sky subtracted from the I -band image was underestimated. An underestimated
sky level for the I -band image was subsequently confirmed by analyzing the sky level with
DS9. Initially BVRI best-fit models were obtained by allowing all geometry parameters to
vary, by placing isophote rings 200 apart, and by setting the sky and sky uncertainty to their
calculated values (see Chapter 3). This initial resulting I -band surface brightness profile is
seen in Figure 5.5.
The I -band profile obtained from the original sky subtracted I band image (called original
I -band profile from here on out), represented by the black line in Figure 5.5, is plotted
against the I -P97 profile and several I -band profiles derived from the I -band image assuming
different sky levels. Both the I -97 profile and the original I -band profile share the same
central brightness, but diverge from one another at 500 and mark the edge of the disk at
different radii, suggesting different outer disk brightnesses and disk sizes.
Other I -band profiles in Figure 5.5, generated to reconcile these two profiles, describe
the radial brightness distributions of the disk when different sky level corrections are applied
to the I -band image. 10, 20, and 30 counts, in addition to the calculated sky level, were
removed from the I -band image to determine whether the sky level was underestimated
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(called -10 I, -20 I, -30 I band profiles from here on out). To ensure that the profile was
underestimated, a sky level lower by 10 counts, was also subtracted from the I -band image
(called +10 I -band profile from now on).
A surface brightness profile is expected to sharply drop off in brightness as the profile
approaches the edge of the disk. If some constant sky level remains after applying a sky level
correction, it will cause the profile to flatten out past the disk edge or drop off more slowly
and make the disk appear larger. The +10 I -band and original I -band profiles extend out
past 4000 and begin to flatten out at 3000 , indicating that the sky level for both profiles was
underestimated. The -30 I -band profile describes a much smaller galaxy that has a lower
central surface brightness. The -10 I -band profile has a central brightness consistent with
the I -P97 profile, but describes a significantly brighter outer disk. These profiles indicate
that subtracting the original sky level (original I -band profile), removing less sky (+10 I band profile), and removing only slightly more sky (-10 I -band profile), assume too low a
sky level, and do not remove enough skylight. Subtracting additional 20 and 30 sky counts
produces profiles (-20 I -band profile, -30 I -band profile) that have slightly lower central
brightnesses than that of the I -P97 profile but describe a similar brightness distribution
across the disk. The -20 I -band profile, however, appears to be more consistent with the
I -P97 profile because it is closer in central surface brightness to the I -P97 profile and it
describes a similar disk size.
To confirm that our sky level was indeed underestimated by 20 counts, the I -band image
was analyzed with DS9. As seen in Figure 5.6, solely subtracting the original sky level from
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the I -band image leaves behind an excess of 20 counts across the image. Removing the
excess 20 counts produces a dark, near 0 count, background that is typically observed in
images where the sky contribution has been fully accounted for. We therefore conclude that
the I -band image was underestimated by 20 counts and select the -20 I -band profile as our
final I -band surface brightness profile. This is the surface brightness profile that is presented
in Figure 5.2.
D575-7 DiskFit surface brightness profiles are consistent with one another. If the profile
shape changes in the I -band, as a result of a brightness correction applied to account for an
underestimated sky level, it implies that the BVR brightness profiles also need a sky level
correction. Upon closer inspection with DS9, a constant, 20 count excess was also observed in
the BVR sky subtracted images (see Figure 5.6). To obtain the final BVR surface brightness
profiles seen in Figure 5.2, the 20 count sky level was removed, producing images with
near 0 count backgrounds (From now on, the profiles obtained from these additionally sky
subtracted images are called -20 B, -20 V, and -20 R-band profiles).
The only published D575-7 V -band surface brightness profile, found in Schombert et al.
(2011), is compared to our -20 V -band surface brightness profile in Figure 5.7. Both profiles
overlap in the inner regions of the disk but diverge from one another past a radius of 1000 .
The Schombert et al. (2011) profile marks the edge of the disk at ∼ 4000 implying a much
larger disk size that extends far beyond the disk in my V -band images. The difference in size
is illustrated in Figure 5.8. The blue line over the galaxy marks the disk size derived from our
ARCTIC V -band image and the red line over the galaxy represents the disk size obtained
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from the Schombert et al. (2011) V -band profile. The red line extends far beyond the
edges of the disk in our images, implying that the brightness discrepancy observed between
the Schombert et al. (2011) V -band profile and our V -band profile could result from an
underestimated sky in the images used to generate the Schombert et al. (2011) V -band
profile.
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Figure 5.4 D575-7 Disk-Only Photometric Models
First column: Images that DiskFit models are fit to. Second column: Disk-Only models.
Third column: Residuals for the Disk-only models. DiskFit is unable to model brightness
inconsistencies in the disk that are caused by HII regions. As a result, large residuals are
observed in areas of the disk populated with HII regions. The pattern present in the I -band
residual image is the I -band fringe pattern discussed in Chapter 3. Color bars are expressed
in ADU. Data, model, and residual images are 0.720 x 10 .
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Figure 5.5 D575-7 I-Band Profile - Additional Sky Subtraction
Plot of DiskFit I -band profiles obtained by fitting Disk-only models to D575-7 I -band images corrected for different sky levels. The +10 profile was derived from the I -band image
corrected for a sky level that is 10 counts lower (to see how initial sky levels were obtained
for all galaxies see Chapter 3). The profile labeled ‘none’ is the original I -band profile and
only takes into account the initial sky level. -10, -20, and -30 profiles were derived from
D575-7 I -band images with an additional 10, 20, and 30 sky counts removed. The open
circles profile, labeled I -P97, is the D575-7 I -band profile obtained from Pildis et al. (1997).
Comparison of profile shapes reveals that the sky level for the D575-7 I -band image has
been underestimated by 20 counts. Note - the turn over point and the outer disk brightness
discrepancies become more pronounced in log space; error bars have been excluded to keep
the plot from overcrowding.
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Figure 5.6 D575-7 Sky Levels
Top row left: I -band image that has been sky-corrected with the original I -band sky level.
An excess of 20 counts is observed across the image. The pattern embedded in this image is
the fringe pattern discussed in Chapter 3. Top row right: I -band image with the excess
20 counts removed. The background is dark and the count level is ∼ 0 across the image (in
non-fringed areas). Bottom row left: R-band image that has been sky-corrected with the
original R-band sky level. An excess of 20 counts is observed across the image. Bottom
row right: R-band image with the excess 20 counts removed. The background is dark and
the count level is ∼ 0 across the image. These R and I band images are representative of
the excess counts observed in the B and V band images of this galaxy. Color bars are in
units of counts.

61

Figure 5.7 D575-7 V-Band Profile - Additional Sky Subtraction
Comparison of DiskFit V -band profile, labeled ‘V’, obtained from fitting models to the D5757 V -band image subtracted by additional 20 sky counts and the D575-7 V -band profile,
labeled ‘V-S11’, from Schombert et al. (2011). Brightness difference between these profiles
in the outer regions of the disk, and all profiles from Schombert et al. (2011), may result
from an underestimated sky level for the Schombert et al. (2011) V -band images. See text
in Section 5.1.2 for details. Note - errors bars for only the outer data points of V-S11 are
available.
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Figure 5.8 D575-7 V-Band Disk Size
ARCTIC V -band images sky-corrected with the original V -band sky level. Top: The blue
line over the galaxy marks the disk size derived by subtracting an additional 20 counts form
the V -band sky subtracted image. Bottom: The red line over the galaxy marks the disk
size derived from the Schombert et al. (2011) V -band surface brightness profile. It extends
well beyond the edges of the disk.
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5.1.3 D631-7
D631-7 is also well-defined by Disk-only models in all fourBVRI bands. Residuals indicate
large brightness discrepancies in disk regions occupied by star forming clumps but good
agreement between model and observations elsewhere across the disk (see Figure 5.9). χ2
values range from ∼ 1-4. The larger χ2 values observed in the B and V bands arise from
a position angle bias that is described below. Best-fit models indicate that D631-7’s on-sky
disk geometry is best defined by a position angle of -27◦ and an inclination angle that lies
between 58◦ -61◦ (see Table 5.1).
Photometric results characterize D631-7 as a galaxy with an optically faint disk component. Estimated central BVRI surface brightnesses (B 23.25, V 22.75, R 22.5, I 22 mag
arcsec−2 ) and brightness distributions across the disk, typical for gas rich dwarf galaxies, indicate a disk brighter at longer wavelengths. Surface brightness profiles shown in the bottom
left panel of Figure 5.2, decrease in brightness steadily across the disk, with a slightly faster
decline towards the edge of the disk, and exhibit a drop in surface brightness of about 3 mag
arcsec−2 from the center to the edge of the disk. Similar profile shapes, among all four surface brightness profiles, indicate an agreement between the geometry and light distribution
across the disk. The D631-7 I -band profile from Pildis et al. (1997) (called I -P97 from now
on) is plotted against our derived surface brightness profiles for comparison. Despite overlap
in the inner regions of the disk, there exists a discrepancy between I -P97 and our I -band
surface brightness profile that cannot be reconciled.
D631-7, the clumpiest galaxy so far, is composed of many knots and HII regions (see
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Figure 3.1) that bias derived position angles, pulling them away from the overall galaxy
angle. D631-7 has large star forming regions near the center of the galaxy that cover a
significant portion of the disk and are too large to mask out without removing a significant
amount of disk light. The light from these bright regions bias the position angle that DiskFit
finds for this galaxy. Figure 5.10, a V -band image of D631-7, shows the differing position
angles of the disk and the bright star forming regions. The teal contours of equal brightness
are meant to help guide the eye. Three large contours, one representing the disk, and two
representing two star forming regions that overlap one another, lay over the galaxy. The
blue and red arrows stemming from the photometric center DiskFit finds, mark the disk
position angle obtained by eye with DS9 and the disk position angle DiskFit finds for the
galaxy respectively. The red arrow also marks the position angle of the star forming region,
indicating that the position angle that DiskFit finds for the disk lines up with the position
angle of the star forming region. The difference between these two position angles is ∼10◦ .
DiskFit assumes that all geometry parameters are the same across all radii, and fits the
model to the galaxy image all at once. In constructing models, the largeness of this region
biases the position angle towards it, forcing this parameter to be held fixed (to a position
angle determined with DS9) during all fits.
To obtain unbiased, best-fit BVRI models, the position angle was held fixed, ellipticities
and photometric centers were allowed to vary for better fits, rings were spaced 200 apart and
large foreground star was masked out to block its light.
An initial comparison between I -P97 and our I -band surface brightness profile from
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the best-fit, fixed position angle, models suggested a need for additional sky subtraction.
Underestimated sky level corrections for D631-7 images produce surface brightness profiles
that describe an extended disk that declines slowly in brightness. To remove these biases, the
appropriate sky level corrections, obtained by comparing D631-7 I -P97 profile with DiskFit
I -band profiles at different sky levels, and by simultaneously analyzing image sky levels with
DS9, are applied to D631-7 I -band images. The I -band profile obtained from the original sky
level correction (called original I -band profile from here on out) and I -P97, seen in Figure
5.11, show very different profiles for the outer regions of the disk.
Different sky levels are subtracted from the I -band image in an attempt to reconcile
these two profiles. The I -band profile derived from subtracting a lower sky level (10 counts
less), flattens out past 6000 producing the expected shape for a profile that has been heavily
underestimated and confirming that the sky level level assumed for the D631-7 original I band profile is not an overestimate but an underestimate. Profiles obtained from images
corrected for higher sky levels (referred to as -20 I, -30 I, -40 I profiles from here on out)
each overlap different parts of the I -P97 profile. The -40 I, and -30 I, profiles overlap the
portion of the profile that describes the outer disk while the -20 I brightness profile overlaps
the portion of the profile that describes the central brightness of the disk but maintains a
smaller brightness discrepancy in the outer regions of the disk.
Most of the photons emitted from the galaxy come from the bright central region of the
disk, making the inner profile least sensitive to sky level subtraction. If the central brightness
of the profiles do not agree it suggests that the sky level has been over estimated and that
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galaxy light is being removed from the disk. It is therefore important for the central regions
of the profiles to overlap, suggesting, in this case, that an additional 20 counts need to be
removed from the I -band image to derive the appropriate brightness distribution.
When analyzed with DS9, the I -band galaxy image, sky-corrected with the original
I -band sky level, revealed an excess 20 count background similar to the excess sky level
observed in the sky subtracted D575-7 I -band image (see Figure 5.6). Confirming what
the comparison between the I -P97 profile and the varying sky level profiles in Figure 5.11
suggested, 20 additional sky counts were subtracted from the already sky subtracted I -band
image to get an unbiased, final I -band surface brightness profile.
Sky subtracted BVR images were also analyzed with DS9, and, like the original D575-7
BVR images, an excess 20 count sky level was embedded in each image (see Figure 5.6).
To get final BVR surface brightness profiles, 20 additional counts were removed from sky
subtracted BVR images.
Available D631-7 V -band data, found in Schombert et al. (2011), is compared to our final
(-20 count) V -band surface brightness profile. Similar to the D575-7 Schombert et al. (2011)
V -band brightness profile, the D631-7 Schombert et al. (2011) V -band surface brightness
profile describes a disk that is bright and nearly twice the size than that observed in our
V -band images (See Figure 5.8 to get a sense of the differences between the Schombert et al.
(2011) V -band disk size and our derived V -band disk size). The brightness discrepancy
between the two profiles may arise from an underestimated sky level used to obtain the
Schombert et al. (2011) V -band surface brightness profiles.
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Figure 5.9 D631-7 Disk-Only Photometric Models
The disk position angle for this galaxy was held fixed in all fits to keep the large, bright
HII regions in the disk from pulling the position angle in their direction. First column:
Images that DiskFit models are fit to. A bright foreground star, visible against the galaxy,
is masked out to prevent DiskFit from identifying it as the photometric center of the disk.
Second column: Disk-only models. Third column: Residuals for the Disk-only models.
DiskFit is unable to model brightness variations in the disk that are caused by HII regions.
As a result, large residuals are observed in areas of the disk populated with HII regions.
Color bars are expressed in ADU. Data, model, and residual images are 1.80 x 2.40 in size.
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Figure 5.10 D631-7 Disk PA vs HII region PA
D631-7 V -band image. Three teal contours outline the shape of the disk and of two large
overlapping HII regions. Blue and red arrows indicate the position angles of the disk and
of the HII regions, respectively. The bright HII regions bias the disk position angle in all
fits, making it necessary to hold this parameter fixed to the true value, obtained from DS9,
during each fitting process.
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Figure 5.11 D631-7 I-Band Profile - Additional Sky Subtraction
The same process and naming conventions used to derive additional sky corrections needed
for D575-7 I -band profiles in Figure 5.5 are also applied to D631-7 I -band profiles in this
plot. Comparison of profile shapes indicate that the sky level for D631-7 I -band images was
underestimated by 20 counts.
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Figure 5.12 D631-7 V-Band Profile - Additional Sky Subtraction
The same process and naming conventions used to compare V -band profiles in Figure 5.7 are
applied to V -band profiles in this plot. The brightness difference between these profiles in
the outer regions of the disk may result from an underestimated sky level for the Schombert
et al. (2011) V -band images. See text for details. Note - errors bars for only the outer data
points of V-S11 are available.
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5.1.4 D723-5
Disk-only models also produce good fits to the observed D723-5 data. Best-fit models
yield χ2 values that range from ∼ 1-2 (see Table 5.1) and residuals that are low (see Figures
5.13 and 5.14). D723-5 is best characterized as a galaxy with a position angle that lies
between 179◦ -184◦ and an inclination angle in the range of 51◦ -55◦ (see Table 5.1).
Central surface brightnesses (B 23, V 22.5, R 22, I 21.5 mag arcsec−2 ) reveal a faint
galaxy that peaks in brightness at longer wavelengths. BVRI profile shapes describe a similar
brightness distribution across the disk component, one that decreases slowly in brightness
closer to the center and more rapidly in the outer regions of the disk. A drop of ∼ 4 mag
arcsec−2 is observed, in each brightness profile, from the center of the galaxy to the edge of
the disk. The I -band brightness profile found in Pildis et al. (1997) (called I -P7 from here
on out) is plotted against our derived surface brightness profiles. A comparison of the two
I -band brightness profiles shows a discrepancy in brightness, across the disk, that results
from the different fitting methods used to obtain these brightness profiles. The software
package used to obtain the D723-5 I -P97 is discussed below.
A bright HII region near the edge of the disk (see Figure 3.1) heavily biases output
position angles and surface brightness profile shapes. Two sets of models are required to
minimize these effects.
To reproduce the I -P97 profile, several of the initial fitting preferences were adjusted.
The first image in the second row of Figure 5.15 shows a D723-5 I -band image that outlines
the HII region originally masked out and indicates its position angle with a red arrow. Masks
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covering this HII region were removed, leaving it exposed during the new fitting process. Best
fit models for these unmasked galaxies were obtained by supplying BVRI images with the
additional 20 count sky correction (determined with DS9) and allowing all parameters to
vary. The surface brightness profiles from these fits, shown in the first plot of the top panel
in Figure 5.15, have the same shape as the I -P97 profile with the DiskFit I -band profile
completely overlapping it.
Despite having such brightness distributions, the disk geometry parameters described
by these best fit DiskFit models are heavily biased by the HII region in the images. The
blue arrow, and the circle it stems from, shown in the second image of the second panel in
Figure 5.15, mark the best fit disk position angle and center respectively. DiskFit finds a
disk position angle closer to the position angle of the HII region and a disk center in the HII
region closer to the edge of the disk.
In an attempt to derive more accurate disk geometry model parameters while maintaining
this profile shape, fits with the disk center held fixed were applied to unmasked galaxy images.
Disk center coordinates were set to the disk center coordinates found by DiskFit in previous
models where the HII region was masked out. The resulting best fit profiles are seen in the
second plot of the first row in Figure 5.15. Holding the center fixed produces BVRI profiles
that still share very similar shapes with I -P97 profile, but the position angle, represented by
the red arrow stemming from the red circle placed over the fixed center in the second image
of the second panel in the same figure, is still pulled in the direction of the HII region.
These two attempts led to the conclusion that to derive reasonable disk geometry pa-

73
rameters, the HII region must be masked out. The pink arrow on the the third image of the
second row in Figure 5.15 shows the best-fit disk PA obtained from models that exclude the
HII region. Parameters from these fits were used to obtain surface brightness profiles for the
unmasked images, by fitting them with models that hold geometry parameters fixed to the
best fit values derived from the masked images. Output profiles, seen in the third plot of
the first row of Figure 5.15, describe a brighter disk than the I -P97 profile.
Initial comparison of I -P97 and our derived I -band profile indicated that the sky level
had also been underestimated for this galaxy. The sky subtracting process applied to D575-7
and D631-7 I -band images to identify the sky correction factor, was also applied to D723-5
I -band images. The HII region located near the center of the galaxy extends out to the edge
of the disk. Surface brightness profiles were initially obtained from best fit models where the
position angle, ellipticity, and photometric center were allowed to vary, rings were spaced
200 , original sky levels were included, and the entire HII at the edge of the disk was covered
to to keep DiskFit from misidentifying it as the center of the disk. Figure 5.16 compares
the resulting I -band profile (called original I profile from now on) with the I -P97 profile.
Unlike the previous two galaxies, the original I -band obtained from these models deviate
from one another very close to the center after 300 . The profiles obtained by subtracting
larger sky levels (40 and 30 counts), overlap the outer region of the profile and assign a lower
central surface brightnesses to the disk, indicating that the sky value has been overestimated.
Removing an additional 20 sky counts from the I -band image produces a profile (called -20
I profile from here on out) that agrees with the central brightness of the I -P97 profile but
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indicates a brighter outer disk region, suggesting that our sky level was underestimated by
20 counts.
I -band sky level analysis with DS9 confirmed an excess 20 count, sky level across the
I -band image, sky-corrected with the original I -band sky level, similar to the excess sky
level observed in the D575-7 sky subtracted I -band image (see Figure 5.6). 20 additional
counts were therefore removed from the already sky subtracted I -band image to obtain an
unbiased and final I -band profile.
DS9 sky level analysis for BVR galaxy images also uncovered a constant 20 count sky
level in each of these images (see Figure 5.6 as an example). 20 additional counts were
removed from sky subtracted BVR images to obtain final BVR surface brightness profiles.
Differences in brightness between the I -P97 profile and the final D723-5 I -band profile
arise from the different fitting techniques used to obtain each profile. I -band profiles from
Pildis et al. (1997) were obtained with the ARCHANGEL software package (Schombert
2011). Unlike DiskFit, ARCHANGEL fits a galaxy one elliptical isophote at a time, from
the center out, allowing each ellipse to adjust its parameters for better brightness fits to
local regions. The bright HII region in the D723-5 disk biases the fits of the inner ellipses,
producing a profile with a steeper brightness decline. DiskFit, in contrast, assumes the same
geometry parameters (position angle, ellipticity, and center) for all isophote ellipses that
form a model, allowing the D723-5 HII region to be masked out to get unperturbed disk
geometry parameters.
Figure 5.17 compares the final D723-5 V -band DiskFit profile with the V -band profile
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from Schombert et al. (2011). Both profiles overlap in the inner regions of the disk but
diverge from one another at 1200 . The V -band profile from Schombert et al. (2011) extends
out past 5000 describing a disk that is brighter and larger than the disk observed in the
ARCTIC V -band images (see Figure 5.8 as an example). Similar results were observed for
D575-7 V and D631-7 V profiles from the same study when compared to the corresponding
DiskFit I -band profiles. Outer disk brightness discrepancies seen in these profiles may result
from an underestimated sky level for the Schombert et al. (2011) V -band images.
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Figure 5.13 D723-5 B and V Disk-Only Photometric Models
Two separate fits were carried out in each filter to get disk geometry parameters and surface
brightness profiles for D723-5. Disk geometry parameters were obtained by fitting models
to masked HII region disk images. In these models all geometry parameters were allowed to
vary for better fits. Surface brightness profiles were obtained by fitting models to unmasked
HII region disk images. In these models, disk geometry parameters were all held fixed to
the geometry values found in Disk-only models of masked HII region disk images. First
column: Masked and unmasked images that DiskFit models were fit to. Second column:
Disk-only models for masked and unmasked images. Third column: Model residuals. Color
bars are in ADU. Data, model, and residuals are 0.700 x 1.40 in size.

77

Data

Model

Residuals

R

R

I

I

Figure 5.14 D723-5 Best-Fit R and I Photometric Models
Continuation of Figure 5.13. First column: Masked and unmasked images that DiskFit
models were fit to. Second column: Disk-only models for masked and unmasked images.
Third column: Model residuals. Color bars are in ADU. Data, model, and residuals are
0.700 x 1.40 in size.
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Figure 5.15 D723-5 Matching I-Band Profiles
All surface brightness profiles in this figure were obtained from models fit to unmasked
HII region disk images and are compared to the I -band profile, labeled I -P97, from Pildis
et al. (1997). First column: Top - BVRI profiles obtained from models varying geometry
parameters. Middle - BVRI profiles from models holding centers fixed to the centers found
in best fit models of masked HII images. Bottom - BVRI profiles from models holding
all parameters fixed to parameters from best fit models of masked HII images. Second
column: Top - V -band image. The HII region has a position angle, indicated by the red
arrow, that greatly differs from the position angle of the disk. Middle - the blue arrow and
circle indicate the disk PA and center found when all parameters are allowed to vary. The
red arrow indicates the PA found when the center, represented by the red circle, is held
fixed. Bottom: The pink arrow represents the PA found when the HII region is masked and
all parameters vary.
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Figure 5.16 D723-5 I-Band Profiles - Additional Sky Subtraction
The same sky correcting process, including naming conventions, applied to D575-7 I -band
profiles in Figure 5.5 was also carried out for D723-5 I -band profiles obtained from Disk-only
models of masked HII region disk images. Comparison of profile shapes indicate that the
sky level for D723-5 I -band images was underestimated by 20 counts. Sky corrections to the
I -band masked galaxy images were carried over to the unmasked galaxy images that were
used to obtain final D723-5 I -band profiles.
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Figure 5.17 D723-5 V-Band Profiles - Additional Sky Subtraction
The same process and naming conventions used to compare V -band profiles in Figure 5.7 are
applied to V -band profiles in this plot. The brightness difference between these profiles in
the outer regions of the disk may result from an underestimated sky level for the Schombert
et al. (2011) V -band images. See text for details. Note - errors bars for only the outer data
points of V-S11 are available.
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5.2 Kinematics

We used the kinematic branch of DiskFit to model observed velocity field data, determine
the parameters/characteristics of the galaxies, and derive a rotation curve for each system.
Figures 3.2 and 3.3 present observed velocity maps and Figure 5.18 shows galaxy images
with overlying red circles that indicate the SparsePak fiber placement over each galaxy.
As described in the beginning of Chapter 5, DiskFit can fit for circular and non circular
motions. Galaxy images (see Figures 3.1) and best fit photometric models (see section 5.1)
indicate that D500-4, D575-7, D631-7, and D723-5 are Disk-only galaxies. To be complete,
non-axisymmetric (bar) models were fit to all galaxies in the sample. We found, however,
that best-fit Disk+Bar models sporadically assign several negative velocities to the disk and
bar rotation curves and provide poor bar geometry fits that yield position angle and ellipticity
parameters with large uncertainties. Because these models provide poor descriptions of our
kinematic data, we focused our efforts on the disk/circular motion-only models and present
only those results below.
Disk velocities are mostly measured with overlapping central diamond fibers (Figures 3.2
and 3.3), producing velocity maps with few data points (D631-7 is an exception). The low
number of data points poses a challenge for DiskFit. Simply allowing all geometry parameters to adjust during the fitting process produces non-sensical results: rotation curves with
negative velocity points and geometry parameters with large uncertainties that significantly
differ from those found in photometric models. The challenge with obtaining a reasonable
rotation curve for each galaxy is finding the appropriate fixed-non-fixed parameter combi-
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nation and ring sizing that produces the best fit. To this end, models were generated for all
possible fixed-non-fixed parameter combinations, several ring arrangements were tested, and
1000 bootstraps were applied to get parameter and velocity uncertainties.
Results are presented in Table 5.2 and in Figures 5.19-5.24. The scale used to convert
arcseconds to kpc in all rotation curve plots was obtained by assuming the distances listed
in Table 2.1. We detail the processes used to obtain these results on a galaxy by galaxy basis
in the sections below.
In addition to deriving rotation curves for our galaxies, we use measured maximum
rotational velocities and estimated galaxy sizes obtained from derived rotation curves to
calculate dynamical masses. The dynamical mass of a galaxy, derived from the measured
velocities of gas/stars around the kinematic center, quantifies the total (baryonic + dark
matter) mass enclosed within a given radius of the galaxy. It is described by
V 2r
M (r) =
G

(5.2)

where, r is the distance from the center, V is the rotational velocity of gas/stars at that
distance r, and G is the gravitational constant. We estimate the size of the galaxy with
rotation curves derived from our observed Hα velocity fields, and therefore determine the
dynamical mass enclosed within the optical radius of each galaxy.
The largest source of uncertainty in obtaining the dynamical mass of a galaxy is the distance used to determine the galaxy size. Although imaging a galaxy does provide its angular
diameter, it requires a distance to assign a physical size to that angular diameter. Because
galaxy distance and galaxy size (physical size) are directly proportional, the uncertainty in
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Table 5.2 Best-Fit Kinematic Model Parameters
The systemic velocities of D500-4 and D723-5 were allowed to vary during model fits whereas
all other parameters were held fixed to the average photometric disk parameters (see Table
5.1). Position Angle is measured from North to East and RA, Dec coordinates are expressed
in units of hh:mm:ss and dd:mm:ss
Kinematic DiskFit Disk-Only Models
Galaxy Position Angle
(◦ )
D500-4
D575-7
D631-7
D723-5

105.90
34.66
-27.00
196.58

i
(◦ )

Vsys
(km s−1 )

51.84
52.78
59.28
53.34

1565.86 ± 1.22
1006
335
1783.70 ± 1.84

Center
(RA and Dec J2000)
10:19:19.204
12:58:35.936
07:57:02.363
14:36:41.011

,
,
,
,

22:42:06.39
17:48:47.66
14:23:20.35
11:34:40.46

χ2
0.262
1.407
1.161
0.964

distance will affect the derived size of the galaxy as well as the calculated mass; if the distance
is grossly overestimated, for example, then the derived galaxy size will be significantly larger
than its true size. The most reliable way of measuring distances for nearby galaxies, like the
galaxies in our sample, is through redshift independent methods such as the Tully-Fisher
relationship and Cepheid light curves to name a few. Redshift measurements are less reliable
distance probes for nearby galaxies because peculiar velocities are more likely to bias redshift
measurements at closer distances. The galaxies in our sample are not well studied and, reliable, redshift independent distances, for most, have not yet been determined. We use rough,
redshift dependent distances to estimate the dynamical mass of each galaxy, keeping in mind
that the physical scale, and in turn the derived dynamical masses, might significantly change
in the event that new distance measures are determined. Estimated dynamical masses are
described in the sections below.
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Figure 5.18 SparsePak Fiber Placement
Galaxy RA and Dec plots. Red circles on grayscale g-band (D500-4) and V -band images
(D575-7, D631-7, D723-5) indicate SparsePak fiber placement over each galaxy.
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5.2.1 D500-4
As a result of its smaller angular diameter, D500-4 disk velocities were mapped with
only central diamond fibers. 32 fibers, the lowest number of all observed velocity maps,
completely fill in the disk forming a velocity map that exhibits well-ordered rotation and that
is representative of the entire disk (see Figure 3.2). Observed velocities are well-described by
a Disk-only model, producing residuals that range from -10 to +10 km s−1 , but average ± 4
km s−1 (see Figure 5.19). The derived rotation curve in Figure 5.19, indicates that D500-4
is a small, ∼ 1.6 kpc in radius, low mass disk galaxy that reaches a rotational Vmax of ∼ 33
km s−1 and the best-fit model assigns it a systemic velocity of ∼ 1565 km s−1 .
Obtaining the final rotation curve for this galaxy required the assembly and analysis
of several model sets. The selected best-fit model applies a 300 -200 -400 ring spacing, where
the first, middle few, and last ring, are placed 300 from the center, 200 apart, and 400 from
the second the last ring, respectively, holds the position angle and ellipticity fixed to the
corresponding photometric values, and the center fixed at a position within the error bars of
the photometric center. See Table 5.2 for best-fit model disk geometry parameter values.
Photometric and kinematic disk geometries typically overlap in isolated, undisturbed
galaxies. The Hα emission used to map velocity fields is closely related to the stellar disk.
Stars and star forming regions ionize hydrogen, causing them to undergo transitions that
produce the observed Hα emission. These emissions essentially trace the shape of the stellar
disk. Our best-fit model does not indicate the presence of any warp that would invalidate
this assumption, we therefore expect the photometric parameters to accurately describe the
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kinematic disk shape and set our kinematic parameters to average photometric parameters.
It was necessary to test different centers, within the error bars of the average photometric
center value, to produce reasonable rotation curve shapes. Keeping the kinematic center held
at the exact average photometric center value produced rotation curves with high rotational
velocities at radii close to the center, suggesting a rotation curve that would not intersect
the origin and place 0 km s−1 at the center of the galaxy. We end up shifting the center
within the width of a fiber.
The 500 diameter of SparsePak fibers typically sets the lower limit for isovelocity ring
sizing, but overlapping core fibers enable one to sample velocities at smaller radii and simultaneously provide more than the 3 data points for this galaxy that a 500 ring spacing would
produce. Ring spacing determines the number of model velocity points generated between
rings and the observed data points that they get fit to. If the rings are too spaced out, it is
possible to enclose observed velocities of significantly distinct values, biasing the velocity of
the ring towards the higher velocities. If the rings are too close together, the velocity may,
by the same logic, be driven down towards a lower velocity. The 300 -200 -400 ring placement in
combination with the photometric disk geometries, produced the most reasonable rotation
curve shape.
All D500-4 models, despite the quality of the fit, were described by a χ2 of ∼ 0.2. χ2 is
typically an accurate indication of the goodness of the fit and will vary in value accordingly
from model to model. A χ2 of ∼ 1 indicates a good fit. χ2 values significantly lower than
∼ 1, however, indicate possible issues with the data being modeled. Because D500-4 has
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the lowest number of data points in the sample, additional, interpolated data points, were
included in an expanded velocity map to test changes in χ2 . Adding data points drove the
χ2 up, confirming that the low χ2 results from a lack of data points.
Finally, using our derived rotation curve, we were able to calculate the dynamical mass
of this galaxy. Assuming a distance of 21.4 ± 0.017 Mpc, the maximum optical radius of
the disk (1600 ) corresponds to a physical length of 1.66 ± 1.29 x 10−3 kpc. The derived
rotation velocity at that radius is 33 ± 3 km s−1 . Using Equation 5.2, this gives an enclosed
dynamical mass of 4.18 x 108 ± 0.76 x 108 M .
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Figure 5.19 D500-4 Disk-Only Kinematic Model
Top panel: Velocity map and residuals produced by the Disk-only model. Bottom panel:
Rotation curve obtained from Disk-only model. This curve describes a small, ∼ 1.65 kpc in
radius, low mass disk galaxy that reaches a rotational Vmax of ∼ 33 km s−1 .
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5.2.2 D575-7
The D575-7 velocity field was mapped with 35 central diamond fibers. Despite displaying
well-ordered rotation, the velocity map is not completely filled in (see Figure 3.2). The
receding side of the disk contains a few empty fibers where we expected to see Hα emission.
The best-fit model provides a decent description of the overall kinematics, but does not do
so well at modeling the receding portion of the disk, assigning it lower velocities than those
observed. Residuals range from -10 to +12 km s−1 with the receding side being assigned the
largest residuals. Kinematic disk geometry parameters were obtained by assuming average
photometric disk parameters (see Table 5.2). The derived rotation curve characterizes D5757 as a small, ∼ 1.175 kpc in radius, low mass disk galaxy that reaches a rotational Vmax of
∼ 31 km s−1 and the best-fit model suggests a systemic velocity of 1006 km s−1 .
The best-fit model was obtained by applying a 400 -300 -400 ring placement and by holding the
position angle, ellipticity, center, and systemic velocity fixed during the fitting process. Our
best-fit model does not show evidence of disk warps, or any other distortions that prevent
the photometric disk geometry from overlapping the kinematics disk geometry, justifying our
decision to hold all kinematic parameters to the average photometric disk parameters. In
combination with all fixed disk geometry parameters, a 400 -300 -400 ring spacing, where the first,
middle few, and last ring, are placed 400 from the center, 300 apart, and 400 from the second to
last ring, respectively, produced flatter velocity profile shapes, removing velocity peaks and
dips observed near disk edges in rotation curves obtained with other ring placements.
To hold the systemic velocity parameter fixed, one needs to find the photometric center

90
in the coordinate system of the velocity map. The difference between the on-sky RA and Dec
position of the central diamond fiber on the galaxy and the on-sky RA and Dec location of
the photometric center, provides the offsets needed to map the photometric center relative to
the origin of the velocity map. The location of the photometric center on the map determines
the velocity value assigned to the systemic velocity parameter.
The derived rotation curve seen in Figure 5.20 does not appear to place a rotational
velocity of 0 km s−1 at the center of the disk (r = 0), implying that the center this model
has been fixed to may not be the appropriate kinematic center. The error bars for velocities
close the center, especially for the first velocity data point, are large enough, however, to
suggest a curve that does originate at the selected kinematic center. Nonetheless, in search
of a better fit, and to be complete, we fit our observed data with a set of models obtained by
fixing the center at various locations within the error bars of the photometric center value,
adjusting our systemic velocity accordingly. Neither of these changes produced significantly
improved results. Receding velocities were measured with weak Hα lines, making this a
possible source of the discrepancy between model and observations.
Finally, we use our derived rotation curve to calculate the D575-7 dynamical mass. Assuming a distance of 13.7 Mpc, the maximum optical radius of the disk (1700 ) corresponds
to a physical length of 1.175 kpc (because a Vsys of 1006 km s−1 is assumed, we do not find
errors on the distance and use a very rough size estimate). The derived rotation velocity at
that radius is 31 ± 5 km s−1 . Using Equation 5.2, this gives an enclosed dynamical mass of
2.62 x 108 ± 0.84 x 108 M .
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Figure 5.20 D575-7 Disk-Only Kinematic Model
Top panel: Velocity map and residuals produced by the Disk-only model. Bottom panel:
Rotation curve produced by the Disk-only model. This curve suggests a small, ∼ 1.175 kpc
in radius, low mass disk galaxy that reaches a rotational Vmax of ∼ 31 km s−1 .
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5.2.3 D631-7
D631-7 has a larger angular diameter size, allowing velocities across the disk to be measured by 200 fibers, more than double the fibers used to observe any other galaxy in the
sample. These fibers create a velocity map that exhibits well-ordered rotation and that is
mostly filled in. Despite the larger number of data points, there are several empty fibers
around the edges of the disk and close to the center of the map (see Figure 3.3). The fiber
placement, as is seen in Figure 5.18, also does not cover the galaxy fully; the outer, north,
portion of the disk with visible HII clumps is only partially sampled. The best-fit model
yields reasonable residuals that range from -15 to +17 km s−1 , but average ± 5 km across
the disk (see Figure 5.21). The derived rotation curve, shown in Figure 5.21 suggest that
D631-7 is a small, ∼ 2.15 kpc in radius, low mass disk galaxy that reaches a rotational Vmax
of ∼ 53 km s−1 and the best-fit model indicates a systemic velocity of 335 km s−1 .
200 data points provide a larger, nearly complete, velocity map for DiskFit to work with,
but not a large enough, or complete enough, map to produce a good fit by allowing all
geometry parameters to vary during the fitting process. The best-fit model was therefore
obtained by assuming the photometric disk geometry, holding all parameters, including the
systemic velocity, fixed, and by applying a 700 -500 ring spacing. Table 5.2 lists the average
photometric values used to obtain the final rotation curve.
This galaxy, too, is a well behaved system that displays no evidence of warps, once
again making valid the assumption that photometric and kinematic disk geometries overlap.
The photometric center location on the velocity map of this galaxy was therefore used to
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determine the value of the systemic velocity. A 700 -500 ring arrangement, where the first ring
is placed 700 from the center and all other rings are placed 5

00

apart, is significantly different

from the prior ring spacings; larger ring spacings were needed to properly sample observed
velocities, placing enough data points within rings so as not to bias derived isovelocity values.
Selecting a 500 central ring encloses several empty fibers and very few data points. The first
ring was therefore increased in size by two arcseconds, encompassing a larger number of data
points and producing smaller error bars on the first data point.
D631-7 is the only galaxy in this sample that has two published rotation curves. A
comparison of our rotation curve to those derived from long-slit Hα (McGaugh et al. 2001)
and 21-cm data (Trachternach et al. 2009) indicates agreement between these three different
forms of observation (see Figure 5.22). The curves overlap within the inner ∼ 1kpc of the
disk. Our rotation curve assigns higher rotational velocities to the edge of the disk, but these
velocities have large uncertainties, implying a true outer rotation curve shape that is likely
closer to that of the McGaugh et al. (2001) and Trachternach et al. (2009) curves than the
DiskFit curve.
Using our derived rotation curve to estimate galaxy size and maximum rotational velocity,
we can calculate the dynamical mass of this galaxy. Assuming a distance of 7.87 ± 0.787
Mpc (Tully et al. 2013a), the maximum optical radius of the disk (5700 ) corresponds to a
physical length of 2.15 ± 0.215 kpc. The derived rotation velocity at that radius is 53 ± 10
km s−1 . Using Equation 5.2, this gives an enclosed dynamical mass of 1.40 x 109 ± 0.55 x
109 M .
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Figure 5.21 D631-7 Disk-Only Kinematic Model
Top panel: Velocity map and residuals produced by the Disk-only model. Bottom panel:
Rotation curve, obtained from the Disk-only model, that suggests D631-7 is a small, ∼ 2.15
kpc in radius, low mass disk galaxy that reaches a rotational Vmax of ∼ 53 km s−1 .
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Figure 5.22 D631-7 Rotation Curve Comparison
Hα long-slit (blue squares - McGaugh et al. 2001) and 21-cm (green diamonds - Trachternach
et al. 2009) rotation curves are plotted against the D631-7 Disk-only (black circles) model
rotation curve. Good agreement is observed between these three rotation curves across most
of the disk. The discrepancy observed at 2500 - 2900 between our rotation curve and the two
published rotation curves, could result from the tail like structure present in the disk at
radius (see the NW side of the galaxy in Figure 3.1).
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5.2.4 D723-5
56 fibers form a complete D723-5 velocity map that displays well-ordered rotation (see
Figure 3.3). This galaxy is well-described by a Disk-only model, producing residuals that
range from -15 to +15 km s−1 and average ± 4 km s−1 across the disk (see Figure 5.23). The
derived rotation curve seen in Figure 5.23, describes D723-5 as a small, ∼ 2.5 kpc in radius,
low mass disk galaxy that has a maximum Vmax of ∼ 55 km s−1 and the best-fit model
assigns it a systemic velocity of ∼1784 km s−1 . D723-5 is the only galaxy in the sample
to display a gradual rise in velocity that is followed by the sudden flattening observed in
typical rotation curves, indicating a possible increase of star formation across more of its
disk compared to the other galaxy disks in the sample.
The best-fit model was obtained by fixing the position angle to 196◦ , an offset of about
15◦ from the photometric position angle, by fixing the ellipticity and kinematic center to
the corresponding photometric values, by allowing the systemic velocity parameter to vary
during the fitting process, and by applying a 400 -300 -500 ring spacing to the observed disk. Disk
geometry parameters used to obtain the best-fit model are listed in Table 5.2.
D723-5 is also well behaved; it is best represented by a simple disk model that does not
have any warps or distortions. Placing the kinematic center at a location within the error
bars of the average photometric center and applying a 400 -300 -500 ring arrangement, where the
first, middle few, and last ring, are placed 400 from the center, 300 apart, and 400 from the
the second the last ring, respectively, produced a more reasonable rotation curve shape that
suggests a Vrot of 0 km s−1 at the center of the disk.
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Unlike the other galaxies in the sample, the position angle for D723-5 was held fixed at a
value different than the one derived from photometry. Test models that allowed the position
angle to vary settled, in all instances, on a position angle offset by ∼ 15◦ from the photometric
value. Figure 5.24 compares the observed velocity map with two model maps, one obtained
from the fixed photometric PA model and the other obtained from the fixed 196◦ PA model.
In contrast to the diagonal isovelocity contours present in the observed velocity map, holding
the position angle fixed to the average photometric PA alters velocities to create straight,
horizontal isovelocity contours. Holding the position angle fixed to the derived 196◦ PA
produces a velocity map with diagonal isovelocity contours that provide a better fit to the
observed velocities, confirming the existence of an offset between photometric and kinematic
position angles.
Finally, we use our derived rotation curve to calculate the dynamical mass of D723-5.
Assuming a distance of 24.4 ± 0.025 Mpc, the maximum optical radius of the disk (2000 )
corresponds to a physical length of 2.50 ± 2.58 x 10−3 kpc. The derived rotation velocity at
that radius is 55 ± 6 km s−1 . Using Equation 5.2, this gives an enclosed dynamical mass of
1.76 x 109 ± 0.38 x 109 M .
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Figure 5.23 D723-5 Disk-Only Kinematic Model
Top panel: Velocity map and residuals produced by the Disk-only model. Bottom panel:
Rotation curve produced by the Disk-only model. It describes D723-5 as a small, ∼ 2.5 kpc
in radius, low mass disk galaxy that flattens out at a Vmax of ∼ 55 km s−1 .
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Figure 5.24 D723-5 Model Velocity Maps - Multiple PAs
Red lines located at the top left hand corner of each plot indicate the direction of isovelocity
contours in the corresponding maps. Top: Observed velocity field for D723-5. Bottom
left: DiskFit model velocity field with PA held fixed to the photometric PA. Bottom right:
DiskFit model velocity field when the PA is held fixed 196◦ . This velocity field produces
isovelocity contours that line up with those from the observed velocity field.
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CHAPTER 6
CONCLUSIONS

6.1 Motivation and Context

Dark matter, the ‘invisible’ mass component of the universe, is responsible for all large
scale structure. This ‘dark’ material, as the name suggests, does not emit light and interacts only gravitationally with baryonic matter. Its presence is inferred by measuring its
gravitational effect on the motions of stars and gas in galaxies.
Observational evidence (CMB, Type Ia supernova, Helium and Hydrogen abundances)
supports the ΛCDM model: a flat, dark matter dominated, expanding universe that is
comprised of 68% dark energy, 27% dark matter, and 5% baryonic matter. In this context,
a galaxy forms and evolves inside a dark matter halo that keeps the baryonic matter bound
against the expansion of the universe. To form a complete picture of this evolution process,
numerical simulations construct models, based on different formation/evolution scenarios,
that make predictions about the distribution of dark matter in galaxy halos.
Cosmological models predict that the dark matter density distribution of all galactic
halos are cuspy, increasing sharply towards the center of the galaxy. Observations of low
surface brightness galaxies, however, display a cored dark matter density distribution, nearly
flattening out at small radii from the center. Supernova feedback is thought to have the
ability to change a cuspy distribution into a cored one, more easily so for low mass LSBs
because of their weak central potential wells. Our interest in studying these galaxies lies in
characterizing their photometric and kinematic properties and, in doing so, providing the
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necessary tools to observationally test this theory.

6.2 Summary of Findings

In this thesis, we focused our efforts on low mass, rotating, LSB disk dwarf galaxies.
An LSB dwarf sample was created by first selecting candidates based on their distances; we
wanted galaxies that were large enough to image their disks and map their velocity fields
with good spatial resolution. Galaxies that we obtained data for then had to pass through
a second filter; after mapping their velocity fields, we selected those with observed velocity
maps that displayed well-ordered rotation for photometric follow-up. A small, four LSB
dwarf galaxy sample was thus assembled and photometric and spectroscopic data were used
to characterize their photometric and kinematic properties. These quantities are necessary
for isolating the dark matter component and deriving the dark matter density of each galaxy.
Surface brightness profiles provide a means to measure the stellar mass component of
each galaxy. Broadband photometric imaging, conducted with ARCTIC (APO 3.5m) and
the Direct Imager (KPNO 2.1m), is used to derive a complete set of optical surface brightness
profiles for D575-7, D631-7, and D7235, and SDSS, pre-reduced, images are used derive a
set of griz surface brightness profiles for D500-4.
Rotation curves are used to infer the overall (baryonic + dark matter) mass of a galaxy.
To obtain rotation curves observationally, we used integral field spectroscopy, targeting Hα
emission to measure and map velocities across each disk. The SparsePak fiber bundle (WIYN
3.5m) was used to gather spectra. Measured velocities and fiber positions were used to create
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2D velocity maps of each galaxy.
We used the DiskFit galaxy modeling code to fit our 2D velocity fields and galaxy images
with axisymmetric Disk-only models. These models were used to compile a set of disk
geometry parameters, surface brightness profiles, and rotation curves for the galaxies in
the sample. We found these systems to be a group of well-behaved galaxies that exhibit
typical dwarf galaxy central surface brightnesses and similar rotation curve shapes, maximum
rotational velocities and sizes, making them good candidates for dark matter halo studies.
Derived surface brightness profiles revealed a set of dim galaxies that are well described
by Disk-only models. Central surface brightnesses range between 21.5-23.5 mag arcsec−2 and
surface brightness profile shapes are similar, dropping by ∼ 3 mag arcsec−2 from the center
of the galaxy to the edge of the disk. Best-fit models for each galaxy, across all 4 photometric
bands, are in agreement, producing position angles, inclination angles, and centers that fall
within the errors of one another.
The observed SparsePak velocity fields were also well-described by Disk-only models.
Rotation curves extracted from these velocity maps revealed a set of galaxies that range in
size (radii) between 1.2-2.5 kpc, that have maximum rotational velocities, Vmax , in the range
of 30-60 km s−1 , and that produce estimated dynamical masses in the range of 3.66 x 108
M - 1.76 x 109 M . The Milky Way in comparison has a radius ∼ 15 kpc (Rix & Bovy
2013) and a dynamical mass of about ∼ 8 x 1011 M (Peñarrubia et al. 2014).
Limited photometric and kinematic data are currently available for these galaxies, making
the analysis presented in this thesis all the more important. When available, we compared
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published surface brightness profiles and rotation curves to our results. Specifically, V and I
surface brightness profiles (Pildis et al. 1997; Schombert et al. 2011) for all four galaxies and
two rotation curves for D631-7 (McGaugh et al. 2001; Trachternach et al. 2009) are available.
Our V -band profiles align, up to ∼ 0.6 kpc, with those found in Schombert et al. (2011) and
our I -band profiles are also in agreement with those found in Pildis et al. (1997): they extend
out to similar radii and derived brightnesses overlap across the disk. Our D631-7 rotation
curve is also in agreement with rotation curves obtained from Hα long-slit (McGaugh et al.
2001) and HI observations (Trachternach et al. 2009); they have overlapping velocities and
similar Vmax values.
6.3 Future Work

Isolating the dark matter component of these galaxies requires surface brightness profiles
to quantify their stellar mass, rotation curves to derive their dynamical mass, and gas density
profiles to quantify their gas mass. Obtaining a complete set of optical surface brightness
profiles and a rotation curve for each galaxy provides the tools, lacking prior to our work, for
studying the dark matter component of these galaxies. Because this thesis is a precursor to
the dark matter measurments, the next steps that would bring us closer to that goal are to
improve the quality of our photometric and kinematic data and to gather any missing data.
For example, longer exposure times for D500-4, better spatial resolution for the IFU data,
and 21-cm observations to map the extended gas disk of these galaxies would be useful.
SDSS D500-4 griz images are under-exposed, collecting photons for only 53.9 seconds in

104
each filter while all other galaxies were exposed for either 300 or 600 seconds, depending on
the filter. Longer exposure times are necessary to obtain more detailed surface brightness
profiles of this galaxy.
To improve the quality and accuracy of rotation curves, kinematic models that allow all
parameters to vary are ideal. The rotation curves derived in this thesis were extracted from
velocity maps containing few data points. The low number of data points required, for most
best-fit kinematic models, that all geometry (ellipticity, position angle, center) parameters
and the systemic velocity to be fixed to the average photometric values. The low number
of data points used to map each galaxy results from the spatial resolution of the fibers used
to obtain spectra. Compared to the small angular size of these galaxies, the 500 SparsePak
fibers encompass large portions of the disk. Mapping velocity fields with smaller fibers would
improve spatial resolution, making it possible to obtain more data points for DiskFit to use
during fits, while allowing parameters to adjust.
The characteristic rotation curve flattening was only observed for D723-5, implying that
optical observations of most of these galaxies are not enough to probe all of their dark matter
content. LSB dwarfs have a gas to stellar mass fraction of about ∼ 0.7 (Eder & Schombert
2000), indicating that they are gas rich. Their HI disks typically extend out ∼ 2.4 times
that of their optical disks (van der Hulst et al. 1993), making HI observations necessary to
probe these extended cold gas disks to infer a mass that encompasses all stellar, gas, and
dark matter mass, from derived rotation curves.
This thesis is the first to present a complete set of optical surface brightness profiles and
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Hα rotation curves for D500-4, D575-7, D631-7, and D723-5. The low surface brightness
nature and small size of LSB dwarfs limits both the number of these galaxies that we can
study and the quality of data, particularly kinematic data, that we can produce for them.
Galaxies that are nearby and bright enough are typically selected for photometric and kinematic analysis, but these characteristics are not enough to guarantee that their observed
velocity fields will display well-ordered rotation; we started with 8 galaxies, all nearby and
bright enough to observe, but we reduced our sample because half of the velocity fields did
not show signs of organized rotation. In instances that we do see well-ordered rotation,
obtaining good spatial resolution is a challenge because we are limited by the resolution of
the available instruments; we mapped velocity fields with few data points because of the
SparsePak fiber sizes, making the model fitting process more of a challenge.
Observing our galaxies with the the HexPak fiber bundle (WIYN telescope at KPNO)
would improve the quality of our kinematic data. HexPak, a 4100 x 3600 hexagon comprised of
fibers with 100 and 300 , provides the smaller fiber sizes that are needed to increase the spatial
resolution of our velocity maps.
Additionally, Observing our galaxies with the Very Large Array (VLA) radio telescope
(NRAO), comprised of 27 antennae, would provide the HI data we are currently missing.
The VLA covers the submillimeter wavelength range that would allow us to obtain 21cm
density profiles needed to measure gas mass and would make it possible to get a complete
rotation curve of each galaxy by sampling velocities across the extended gas disk.
The Hubble Space Telescope’s (HST) Wide Field Camera 3 (WFC3) has the ability to
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image objects as faint as 31 mag while avoiding interference from the earth’s atmosphere as a
result of its space based nature. Our LSBs are faint objects with central surface brightnesses
ranging between ∼21-23 mag arcsec−2 , bright enough to be detected by HST. Observing
these galaxies outside of the earth’s atmosphere with WFC3 and applying longer exposure
times would provide better quality images that would allow us to derive more detailed surface
brightness profiles.
Despite this thesis being the first step in characterizing these photometric and kinematic
properties of these galaxies, the information that we were able to extract from our data
looks promising. These galaxies are consistent, well-behaved disk-only galaxies that display
no warps, making them perfect candidates for dark matter halo studies.
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Appendices

The following section presents the observed velocity fields of 4 galaxies in the original 8
galaxy sample. These galaxies were excluded from this study because their observed velocity
fields obtained with the SparsePak IFU, did not show clear signs of rotation. Details are
discussed below.
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A Additional Galaxies

The same observation techniques and data reduction methods applied to D500-4, D575-7,
D631-7, and D723-5 were also applied to D575-1, D646-7, D640-13, and D723-9; Hα, [SII],
and [NII] emission were used to measure velocities and the same IDL code was applied to
generate velocity maps. The observed velocity fields for these galaxies, seen in Figure A.1,
did not display well-ordered rotation and were therefore excluded from the sample. Each
pointing allows fibers to sit on a galaxy for 1800 seconds, gathering as many photons as
possible for these faint objects. Only one pointing was applied to D646-7 and it was cut
short in exposure time as a result of bad weather conditions. It did not produce conclusive
results.
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Figure A.1 Observed Velocity Fields for D575-1, D646-7, D640-13, D723-9
First row: SDSS g-band images. Second row: SparsePak Fiber placement over each
galaxy. Third row: Observed velocity maps.
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